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ABSTRACT 
Although conventional earthquake-resisting structural systems provide adequate life 
safety when properly designed, they often rely on significant structural damage to dissipate the 
seismic energy. The structural damage and the residual drift that may result from the inelastic 
response can make a building difficult, if not financially unreasonable, to repair after an 
earthquake. As a result, development of systems that return to their initial position (i.e., “self-
center”) following an earthquake and minimize structural damage is a crucial need. The research 
presented in this thesis aims to address this need by creating an innovative self-centering brace 
for advanced seismic performance. 
In the present study, the seismic behavior and performance of self-centering buckling-
restrained braces (SC-BRBs) using shape memory alloys (SMAs) is investigated. The SC-BRBs 
consist of a typical BRB component, which provides energy dissipation, and pre-tensioned 
superelastic NiTi shape memory alloy rods, which provide self-centering. The SMA rods are 
attached to the BRB portion of the brace using a set of concentric tubes and free-floating 
anchorage plates that cause the SMA rods to elongate when the brace is both in tension and 
compression. Using a five-story building as context, half-scale SC-BRBs are designed and 
fabricated for experimental validation. To characterize hysteretic response, the braces are 
subjected to a cyclic loading protocol adapted from the AISC Seismic Provisions for Structural 
Steel Buildings. The results of the experiments are used to validate an SC-BRB model in 
OpenSEES, which is used to conduct further parametric studies of SC-BRB behavior. 
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CHAPTER 1:  INTRODUCTION 
1.1 BACKGROUND 
Although conventional earthquake-resisting structural systems, such as moment resisting 
frames (MRFs) and concentrically-braced frames (CBFs), are generally deemed to provide 
adequate seismic safety, they depend on significant structural damage to survive strong ground 
shaking. Thus, protection against economic loss is not guaranteed, owing to repair costs and 
associated business downtime. Distributed inelastic response in structural members and residual 
drift are two critical issues that make a building difficult, if not financially unreasonable, to 
repair after an earthquake. As a result, development of systems that return to their initial position 
(i.e., self-center) following an earthquake and minimize structural damage is needed. The 
research presented in this thesis aims to address this need through investigation of an innovative 
self-centering brace for advanced seismic performance. 
Two important topics provide context to the development of the present research: the 
buckling-restrained brace (BRB) and structural self-centering (SC): 
1.1.1 Buckling-Restrained Braces 
The BRB is a robust structural component with excellent hysteretic behavior. In the last 
few years, steel CBFs with BRBs, commonly called buckling-restrained braced frames (BRBFs), 
have been used extensively in the U.S. since their first implementation in the Plant and 
Environmental Sciences Building on the campus of University of California at Davis (Clark et al. 
2000). A BRB has two basic components: a steel core element that carries the entire brace axial 
force, and a restraining exterior element that prevents the core from buckling in compression, 
allowing it to fully yield in both tension and compression. The restraining element is typically a 
concrete-filled steel tube, and a bond breaker is used to prevent the steel core from bonding to 
the concrete. BRBs have a stable, predictable hysteretic behavior and provide significant energy 
dissipation and large ductile capacity. 
BRBFs have been adopted rapidly since they offer better performance than traditional 
steel CBFs, they are easier to design, and they required little to no additional effort in 
construction. Although BRBFs address one of the critical requirements of high performance 
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earthquake-resistant structural systems (i.e., they offer robust performance and concentrate 
structural damage in distinct locations that can be easily accessed for repair while preventing 
structural damage elsewhere), they are still susceptible to residual drift (e.g., Ariyaratana and 
Fahnestock 2011; Fahnestock et al. 2007; Kiggins and Uang 2006; Sabelli et al. 2003). Thus, 
although the BRB concept offers advantages over traditional steel braces, the lack of self-
centering is still a shortcoming. 
1.1.2 Self-Centering Systems 
Self-centering earthquake-resistant structural systems, which have the ability to dissipate 
energy and also return to their original position after ground shaking, are a relatively new and 
promising concept for seismic design. SC system approaches can be broadly grouped into three 
categories: 1) systems with horizontal post-tensioned (PT) steel elements (bars or strands) that 
develop flexural gap openings at specified connections when lateral load is applied; 2) rocking 
systems, with or without vertical post-tensioned steel elements, that allow uplift at the base of the 
structure when lateral load is applied; and 3) braced-frame systems with self-centering braces 
that return to their initial length after undergoing shortening and elongation due to lateral load. 
Self-centering braces offer a significant advantage over the first two classes of SC 
systems since they lack the challenges associated with connection to the gravity system and 
transfer inertial forces. SC braces can be substituted for conventional braces and the remainder of 
the braced frame system does not need to change. Recently, a self-centering brace was developed 
using post-tensioned high-strain-capacity aramid-fiber tendons to clamp the brace together 
(Christopoulos et al. 2008; Tremblay et al. 2008). Inner and outer steel tubes are configured such 
that self-centering forces are produced when both tensile and compressive deformations are 
imposed on the brace. Energy dissipation is introduced using friction pads clamped together with 
tensioned bolts. Several other studies (Dolce and Cardone 2006; Zhu and Zhang 2008) have 
considered self-centering braces using shape memory alloy (SMA) elements, both to create the 
self-centering force and to dissipate energy. 
Shape memory alloys possess unique characteristics that are particularly suited to 
application in high-performance earthquake-resistant structural systems. The distinctive SMA 
characteristic that is most valuable for such applications is typically called “superelasticity” 
referring to the fact that very large strains (up to 10%) can be recovered elastically upon the 
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removal of load. The superelastic region exhibits a stress plateau after a phase transition from 
austenite to martensite, which researchers have noted could be used to limit the forces transferred 
to other parts of the structure and concentrate deformation in the SMA (McCormick et al. 2007). 
The research presented in this thesis takes advantage of the superelasticity of SMA to develop a 
brace with deformation capacity well beyond what a large earthquake could require. 
1.2 PRIOR RESEARCH 
1.2.1 Buckling-Restrained Braces 
Watanabe et al. (1988). A set of five specimens was tested to investigate the stiffness, 
strength, and buckling resistance of braces with varied ratios of tube buckling strength to core 
yield strength (Pe/Py) from 0.55 to 3.82. The braces were designed using a core that was coated 
to prevent the transfer of axial force from the steel to the concrete encasement, and polystyrol 
was used to allow for Poisson’s expansion to occur freely under compression. Each brace was 
mounted diagonally in a frame and an actuator was used to impose a cyclic horizontal 
displacement on the frame. The following conclusions were drawn from the results: 
1) In cases where the Pe/Py is greater than 1.0, the brace did not exhibit any buckling 
failures, resulting in a stable hysteresis. 
2) In cases where the Pe/Py is less than 1.0, the braces buckled when the axial load on the 
brace approached Pe, resulting in a sharp decrease in yield strength when subjected to 
compressive loads. 
3) With proper design for buckling-restraint, the stiffness of the brace can be determined 
based on the yield strength of the core alone. 
4) In order to prevent global buckling of the brace, the Pe/Py ratio should be at least 1.5. 
Clark et al. (2000). In a study to support the first installation of buckling-restrained 
braced frames in the United States, several nonlinear analyses were conducted along with large-
scale experiments in the laboratory at the University of California Berkeley. The results of this 
study were used to design the lateral force-resisting system in the Plant and Environmental 
Sciences Building at the University of California Davis. 
A three-story building from the SAC Steel Project was used as a prototype for the 
nonlinear analysis, and the performance of the BRBF lateral system was compared with that of a 
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Special Moment-Resisting Frame (SMRF) system. Under the assumption that the BRBF 
performs similar to an Eccentrically-Braced Frame (EBF), the equivalent static lateral force 
method found in the 1994 Uniform Building Code (UBC) was used to design BRBF system, 
whereas the SMRF was designed to meet specific drift control requirements specified in the 
code. As a result, the weight of the steel required for the BRBF is 0.51 times the weight of steel 
required for the SMRF. 
Each model was subjected to a static pushover analysis and time-history analyses were 
conducted using the following records: 
 1940 El Centro North-South 
 1952 Taft East-West 
 1995 Kobe North-South 
Both static and dynamic analyses showed that the BRBF system had a lower yield strength 
but higher stiffness than the SMRF. As seen in Figure 1.1 the yield strength of the BRBF, which 
was called Unbonded Brace Frame (UBF), was approximately 50% of the yield strength of the 
SMRF. The overstrength in the SMRF is largely a result of the drift control limits imposed by the 
design code. 
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Figure 1.1: Results from time history analyses superimposed on pushover curves (Clark et al. 2000) 
In addition to the lower base shear demands, the time history analyses showed that the 
overall floor drift is lower in the BRBFs. Figure 1.2 shows the floor displacement envelopes 
from the three analyses. 
 
Figure 1.2: Story drift profiles for unbonded braced frame and moment-resisting frame (Clark et al. 2000) 
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Large-scale tests were also conducted using three specimens with varying yield strengths. 
Each brace was identical in length, 14.75 ft., but had a different cross-sectional area of the 
yielding core. Specimens T-1, T-2, and T-3 had yield capacities of 270 kips, 360 kips, and 470 
kips, respectively. Each brace was subjected the SAC Basic Load History and one additional 
history. The additional histories were: the SAC Near-Field Loading History for T-1, a low cycle 
fatigue history for T-2, and a simulated earthquake displacement history for T-3. 
The test results showed that each brace exhibited very stable and predictable behavior 
during the SAC Basic test, with a slightly higher compression capacity (7.2-9.5%) than tension 
capacity, and nearly no degradation in stiffness. The SAC Near-Field Loading test for specimen 
T-1 showed a stable response at a twice the design displacement. The results of the earthquake 
loading test were not published. Figure 1.3 shows the complete test results for specimen T-2. 
 
Figure 1.3: Hysteretic behavior of brace specimen T-2 (Clark et al. 2000) 
The study made the following conclusions about the use of bucking-restrained braced frame 
systems subjected to United States design requirements: 
1) The equivalent static lateral-force method is sufficient for determining brace demands. 
2) Drift control requirements in the design code result in significant overstrength in SMRF 
systems. 
3) BRBF systems have a much lower yield strength and require less steel than SMRF 
systems. 
4) BRBF systems exhibit significantly lower floor drift and base shear than SMRF systems. 
7 
 
5) Large-scale tests show that BRBF systems exhibit predictable and stable hysteretic 
behavior with significant displacement and energy dissipation capacity. 
Sabelli et al. (2003). A set of three- and six-story buildings was studied using nonlinear 
dynamic analysis to better quantify the seismic demands imposed on structures with buckling-
restrained braced frames. The buildings were designed according to the 1997 NEHRP 
Recommended Provisions for Seismic Regulations for New Buildings and Other Structures 
(FEMA 302/303) (National Earthquake Hazards Reduction Program et al. 2004), with the 
BRBFs arranged in a stacked chevron configuration. Shear demands on the frame were 
calculated using the equivalent static lateral force method in two cases, one with Response 
Modification Factor (R)=6 and the other with R=8. 
A suite of 20 ground motion records compiled for Phase 2 of the SAC project 
(Somerville et al. 1997) was used for the analysis, scaled to correspond to the NEHRP design 
spectrum. Each model building was subjected to the full range of earthquake records, and all of 
the results for each building were compiled and analyzed using statistical means due to the wide 
variation in response to the different ground motion records. The tests showed that the mean drift 
ratios were typically lower than the mean drift ratios of SCBFs considered in a previous 
numerical study. The BRBF analysis results are summarized in Table 1.1. 
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Table 1.1: Summary of Critical BRBF Response Parameters (Sabelli et al. 2003) 
Model Properties 
Maximum Response Quantities 
(Mean and Mean+1σ of worst-case story or worst-case brace for suite of ground motions) 
Model R 
Hazard (% 
in 50 years) 
% Brace Ductility 
Elastic Drift 
under Design 
Loads 
Max. 
Drift 
Max. 
Drift/ 
Elastic 
Drift 
Residual 
Drift 
Column 
Rotation 
Max. Brace 
Ductility 
Cum. Brace 
Ductility 
3vb 
3-story 
6 10% 0.20 
1.5 
(2.2) 
7.8 
(11.5) 
0.6 
(1.1) 
0.9 
(1.1) 
10.6 
(15.3) 
38 
(59) 
3vb2 
3-story 
8 10% 0.19 
1.4 
(2.1) 
7.6 
(10.9) 
0.5 
(1.0) 
0.8 
(1.1) 
9.7 
(13.6) 
39 
(63) 
6vb 
6-story 
6 10% 0.28 
1.6 
(1.9) 
5.9 
(7.0) 
0.6 
(1.0) 
1.0 
(1.3) 
10.7 
(12.8) 
88 
(132) 
6vb2 
6-story 
8 10% 0.24 
1.6 
(2.2) 
6.7 
(9.1) 
0.7 
(1.1) 
1.0 
(1.4) 
10.7 
(14.5) 
83 
(135) 
6vb 
6-story 
8 50% 0.24 
1.0 
(1.2) 
4.0 
(5.0) 
0.4 
(0.5) 
0.6 
(0.9) 
6.6 
(8.2) 
45 
(71) 
6vb2 
6-story 
8 2% 0.24 
4.5 
(6.6) 
18.4 
(27.0) 
2.2 
(3.2) 
3.0 
(4.6) 
17.4 
(25.1) 
139 
(185) 
6vb3 
Stiff 
Beam 
8 10% 0.24 
1.5 
(2.1) 
6.0 
(8.5) 
0.6 
(1.0) 
0.9 
(1.3) 
8.9 
(12.9) 
56 
(92) 
The study also showed that the maximum story drift does not increase when the R-factor 
increases from R=6 to R=8, and the stiffened beam has little effect on the peak lateral 
displacement. Interestingly, the results showed that as the hazard level increased, excessive story 
drift begins to accumulate in the lower levels of the model building. The authors claim that this 
response indicates that the equivalent static lateral force method is likely to be inadequate for 
estimating the demands imposed by larger earthquakes. Finally, the analysis showed that the 
maximum ductility in the braces is similar for both the three- and six-story building, but the 
cumulative demand is significantly lower for the three-story buildings because the period of the 
structure is higher and the frame undergoes more cycles of yielding. 
The study made the following conclusions: 
1) BRBFs overcome many of the problems associated w/ traditional CBFs such as brace 
buckling and the unbalanced force at the center of the beam. Therefore, this study was 
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designed to highlight weaknesses in the system by attempting to maximize the demands 
imposed on the braces. 
2) The response of the frame was predictable and generally better than the response of 
previously studied SCBFs and SMRFs, and not affected by varying the R factors between 
6 and 8. 
3) Braced frame response is particularly sensitive to proportioning. Therefore, it may be 
beneficial to perform a more exact analysis of the lateral force demands using methods 
other than the equivalent static lateral force method. 
Kiggens and Uang (2006). In a continuation of the study conducted by Sabelli et al. 
(2003), Special Moment Resisting Frames (SMRFs) were added to the original set of three- and 
six-story buildings in an attempt to reduce the residual drift in the system following a seismic 
event. The SMRFs were designed to resist approximately 25% of the base shear demand while 
providing a high degree of deformation in the elastic range. The frames were designed following 
the UBC and AISC Seismic Provisions, and were inserted into building models as shown in 
Figure 1.4. 
  
(a) 3-story building (b) 6-story building 
Figure 1.4: Dual system building plans (Kiggins and Uang 2006) 
The results of the analysis showed that when compared to the original BRBF-only 
system, the Dual system response exhibited a maximum story drift that was 10-12% lower. More 
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importantly, the residual story drift exhibited by the Dual system was 46-55% lower than the 
residual drift of the BRBF-only system. However, the standard deviation on the residual story 
drift measurements of both systems was considerably high, indicating large uncertainty in the 
predictions. 
As a result of the study, the following conclusions were made: 
1) A system with only BRBFs can end up with large residual drift ratios due to the low 
stiffness of the system once the braces yield. 
2) Introducing SMRFs into the system reduces both the maximum story drift ratios by 10-
12%, but significantly reduces the residual drift ratios seen in the response of the 
building. 
Tremblay et al. (2006). A set of six BRB specimens were fabricated and tested at the 
Structural Engineering Laboratory at École Polytechnique of Montréal, Canada to investigate the 
effects of in-plane flexural demands, evaluate the performance of BRBs with a shorter yielding 
core region, and evaluate the feasibility of an all-steel buckling restraint mechanism (BRM). The 
specimens were designed according to the requirements of the 2005 National Building Code of 
Canada (NBCC), and were tested in a full-scale frame assembly mounted horizontally on the 
floor. The BRBs were bolted to gusset plates that were attached to the frame to create rigid 
brace-to-beam and brace-to-column connections. LVDTs were installed to measure the relative 
movement between the BRB core and the confining tube, and strain gauges were adhered to the 
confining tube to measure the axial and bending demands on the tube. Two concrete-filled BRBs 
and four all-steel BRBs were fabricated. The all-steel BRBs fall outside the scope of the research 
described in this thesis, so this summary will focus only on the concrete-filled BRBs. 
The BRB cores consisted of a single, flame-cut piece of steel which was selected to meet 
specific requirements for yield strength and strain-hardening. In order to prevent unwanted stress 
concentrations, the transitions on the core were sloped at 1:4 and all inner corners had a radius of 
102 mm. The cross-sectional area of the core yielding region was designed such that the BRB 
would have a yield capacity of 587 kN, and the connection regions were designed to remain 
elastic throughout the test. Both specimens, C1-1 and C2-1 are identical except for the length of 
the yielding core region. The length of the core yielding region for C2-1 is approximately 50% 
shorter than that of C1-1. The BRM is provided by a circular HSS 273 x 6.4 tube filled with 20 
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MPa pea gravel concrete. To allow for movement of the core within the concrete, flexible foam 
was placed along the transition regions, and along the length of the core to allow for expansion 
due to Poisson’s effects. In order to prevent bonding between the steel core and the concrete, the 
entire core was wrapped with polyethylene sheeting prior to pouring the concrete. Figure 1.5 and 
Figure 1.6 shows the details of the specimen fabrication. 
 
 
 
(a) (b) 
 
 
Figure 1.5: Concrete-filled BRB specimen details (a) Compression crush zone material; (b) Lateral expansion and 
unbonding material (Tremblay et al. 2006) 
12 
 
 
Figure 1.6: Steel components of C1-1 and C1-2 (Tremblay et al. 2006) 
The BRBs were subjected to a quasi-static cyclic loading protocol with lateral frame 
displacements which resulted in a brace deformation from 1.0Δy to 7.5Δy with additional cycles 
in tension only corresponding to 10Δy. The results show that the BRBs have a stable inelastic 
hysteretic response. Some frictional interaction between the steel core and concrete fill is 
observed. The axial response of specimen C1-1 is shown in Figure 1.7. 
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(a) (b) 
Figure 1.7: Specimen C1-1 axial test results (a) Measured load-deformation response of specimen C1-1; (b) Axial load in 
BRM of specimen C1-1 (Tremblay et al. 2006) 
 
The following conclusions were made: 
1) The specimens showed a stable and ductile inelastic response. 
2) The axial tension and compression forces were in excess of the core yield strength due to 
strain hardening and friction. 
1.2.2 Shape Memory Alloy 
DesRoches et al. (2004). A study was conducted to investigate the response of shape 
memory alloy wires and bars to gain a better understanding of their characteristic behavior in 
order to use them in future seismic applications. The many advantageous properties of SMA for 
seismic use include hysteretic damping, a large elastic strain range, excellent fatigue properties, 
strain hardening at large strains, and a stress plateau that provides force transmission limits. The 
unique behavior of shape memory alloys is credited to a austenite to martensite phase change 
that can be induced in the metal via stress or temperature. Figure 1.8 demonstrates how the 
stress-strain properties behave under various temperature and stress conditions. This particular 
study examines the effects of factors such as bar size, loading history, and loading rate, on 
properties such as energy dissipation, recentering capability, and transformation stress. 
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Figure 1.8: Three-dimensional stress-strain temperature diagram showing deformation and shape memory behavior of 
NiTi shape memory alloy (Desroches et al. 2004) 
Superelastic NiTi SMA specimens, also commonly called nitinol, with diameters ranging 
from 1.8 mm to 25.4 mm were tested under quasi-static and dynamic cyclic tensile loading. Prior 
to testing, all specimens were heat treated at 350°C for 30 minutes, except for the 25.4 mm 
diameter specimens which were heat treated at 450°C for 60 minutes. The loading protocol 
consisted of single tension cycles of 0.5%, 1%, 2%, 3%, 4%, and 5.0% strain followed by four 
cycles of 6% strain. The loading rate was 0.025 Hz for the quasi-static test and 0.5 Hz and 1.0 Hz 
for the dynamic tests. The 1.8 mm, 7.1 mm, and 12.7 mm diameter specimens were tested using 
a 250 kN MTS hydraulic testing frame, and the 25.4 mm diameter specimens were tested using a 
2.7 MN MTS servo-controlled hydraulic testing frame. The ends of the 25.4 mm diameter 
specimens were threaded to accommodate the grips of the larger testing frame. 
A total of 10 SMA wires with a diameter of 1.7 mm were tested. They had an initial 
elastic modulus of approximately 40 GPa. The forward transformation stress, σL, also known as 
the loading stress, is defined as the point where the SMA begins the transformation from 
austenite to martensite and can be noted in the stress-strain curves as the point where the curve 
begins to plateau. In the initial cycles of testing, the SMA wires had a transformation stress 
between 550 and 600 MPa. As testing progressed, there is a clear drop in the transformation 
stress due to local changes in the crystal structure affecting the phase transformation. In the 
context of this study, the degradation is referred to as fatigue. In the case of the SMA wires, the 
transformation stress decreases to about 400 MPa by the end of the test protocol. The reverse 
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transformation stress, σUL, also known as the unloading stress, is the point at where the phase 
transition from martensite back to austenite is complete, and is noted in the stress-strain curve by 
the inflection point in the unloading portion of the curve. In the initial cycles, the unloading 
stress of the SMA wires was approximately 200 MPa. The unloading stress decreased slightly 
during the higher strain cycles of the test protocol, but not nearly as significantly as the loading 
stress decreased. The residual strain was 0.14% after the 2% strain cycle and 0.73% after the 
fourth 6% strain cycle. The rate of increase in residual strain decreased over the final two 6% 
strain cycles, indicating that the residual strain was stabilizing at that point. The equivalent 
viscous damping, ξeq, provides an estimate of the energy dissipation capacity of the material. It 
can be calculated using (Equation 1.1): 
 
    
 
  
  
   
 (Equation 1.1) 
Where ED is the energy dissipation calculated by integrating the area inside of the force 
deformation curve, and Eso is the maximum strain energy measured for the given cycle. The 
equivalent viscous damping of the SMA wires reached a maximum of 7.60% at the 4% strain 
cycle. In further cycles, the equivalent viscous damping decreased in accord with the shrinking 
hysteretic loop caused by the decrease in the loading stress of the SMA wires. Figure 1.9 shows 
summary plots of the SMA wire test results. 
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Figure 1.9: Stress-strain behavior for 1.8 mm diameter nitinol shape memory alloy wire subjected to quasi-static cyclic 
loading (Desroches et al. 2004) 
A total of six 25.4 mm diameter SMA bars were tested. The initial elastic modulus was 
28 GPa. The forward transformation stress was 410 MPa during the initial cycles and it 
decreased to 375 MPa during later cycles of the loading protocol. The smaller decrease in 
transformation stress was attributed to the difference in heat treatment for the bars versus the 
wires. The reverse transformation stress ranged from 268 MPa in the initial cycles, to 260 MPa at 
the conclusion of the testing protocol. The smaller hysteretic curve resulted in a maximum 
equivalent viscous damping of 3.97% at the first 6% strain cycle. The residual strain was similar 
to that of the SMA wires, 0.14% after the 2% strain cycle, increasing to 0.73% at the end of the 
test protocol, with similar stabilizing characteristics over the final cycles. The 25.4 mm diameter 
bar stress-strain results are plotted in Figure 1.10. 
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Figure 1.10: Stress-strain for 25.4 mm diameter nitinol shape memory alloy bar subjected to quasi-static loading 
(Desroches et al. 2004) 
Because the properties of the SMA are sensitive to material composition and thermo-
mechanical heat treatment, there is significant variance between the different groups of material 
tested. To help identify trends, the results were compared based on maximum cyclic strain. 
Figure 1.11a shows that the smaller diameter SMA wires not only have a significantly higher 
loading stress, but they also have a more pronounced reduction in strength due to fatigue. Figure 
1.11b shows that the unloading stress is fairly consistent among the different specimens with a 
slight increase up to 2% strain and a reduction thereafter. Figure 1.11c shows that residual strain 
increases steadily with cyclic strain and, generally, all specimens have similar residual strain. 
Figure 1.11d shows that the equivalent viscous damping tends to reach a peak value between 4% 
and 5% cyclic strain and that the energy dissipation from SMA alone is generally too low to use 
for seismic applications. 
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Figure 1.11: Comparison of shape memory alloy wire and bars subjected to quasi-static cyclic loading showing (a) loading 
stress plateau, σL; (b) unloading stress plateau, σUL; (c) residual strain, εr; (d) equivalent viscous damping ratio, ξeq 
(Desroches et al. 2004) 
The dynamic test results showed that the loading stress and unloading stress both 
increased compared to the quasi-static tests. The loading stress for the 7.1 mm diameter rod was 
345 MPa for the quasi-static test versus 407 MPa for the dynamic test. The relative increase of 
the unloading stress was much higher than that of the loading stress, resulting in much lower 
equivalent viscous damping. The equivalent viscous damping was 3.87% for the quasi-static test 
and 2.39% for the 0.5 Hz dynamic test and 1.82% for the 1.0 Hz dynamic test. The difference in 
response due to loading rate is attributed to temperature increase due to heat buildup in the 
specimen from the rapid loading and unloading which affect the phase transitions. The 
recentering capacity of the SMA rod was not affected by the rate of loading. 
The following conclusions were made from the study: 
1) Both wires and bars exhibit excellent superelastic behavior, and the residual strain is not 
dependent on bar size. However, residual strain begins to increase to large amounts when 
the SMA is subjected to strains larger than 6%. 
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2) Forward transformation stress was measured between 350 and 550 MPa. As cyclic strain 
increased, the transformation decreased due to fatigue. The rate of stress reduction was 
higher in SMA wires than in bars. 
3) Equivalent viscous damping typically reached a maximum between 4% and 5% strain. 
Damping decreases at higher strains due to the rate of decrease in the loading stress being 
greater than the rate of decrease in the unloading stress. 
4) Equivalent viscous damping of superelastic SMA alone is not high enough for most 
seismic applications. Therefore, it is recommended that the superelastic SMA is used for 
its recentering value and supplemented with additional dampers for energy dissipation. 
5) Increased loading rates led to a reduction of equivalent viscous damping, but did not 
significantly affect the residual strain performance. 
6) The cost of producing and machining SMA is very high and thus should be considered as 
a factor when planning on using it for seismic applications. 
McCormick et al. (2007). A multiscale analysis of NiTi shape memory alloy (SMA) 
bars was performed to investigate the effects of mechanical properties of large diameter 
specimens and relate those properties to previous SMA research at the material science level. 
Various sized bars and coupon specimens were subjected to cyclic tensile loading, and the results 
were compared to draw conclusions connecting the microstructure of the material to the behavior 
of large-scale specimens.  
Three sets of SMA bars were examined, both as full-scale specimens and coupon samples 
taken from various regions within the full bars. The diameters of the bars were 12.7 mm 
(machined to 6.35 mm for the full scale tests), 19.1 mm (machined to 12.7 mm), and 31.75 mm 
(machined to 25.4 mm). The coupons, 63.5 mm long and 1 mm thick, were taken from the center 
of the stock bars and along the edge of the bars. All specimens were heat treated for 30 minutes 
at 350°C by the manufacturer prior to shipment. After the specimens were machined, they were 
heat treated for an additional 90 minutes at 300°C to improve the superelastic behavior and 
improve fatigue life. 
The specimens were subjected to a quasi-static cyclic loading protocol of 20 tension-only 
cycles at 6% strain. The coupons, 12.7 mm, and 19.1 mm specimens were tested using a 250 kN 
hydraulic testing frame, and the 31.75 mm specimens were tested on a 2.7 MN uniaxial hydraulic 
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testing frame. In order to fit in the grips of the testing frame, the ends of the 31.75 mm specimens 
were threaded. 
The study focused on measuring five key properties, shown in Figure 1.12. The forward 
transformation stress, σL, also known as the loading stress plateau, is the stress at which the 
transition from austenite to martensite occurs. It is commonly measured at 2% strain, and 
provides an estimate of the available restoring force. The reverse transformation stress, σUL, also 
known as the unloading stress, is the stress at which the martensite to austenite transition occurs. 
When compared to the forward transformation stress, an estimate can be made of the size of the 
hysteresis loop. The initial elastic modulus, Ei, is the slope of the stress-strain curve and provides 
a measure of the initial stiffness of the material. The residual strain, εR, is the amount of inelastic 
deformation measured when the specimen is unloaded, and provides an estimate of the 
recentering capability of the SMA. The equivalent viscous damping, ξeq, provides an estimate of 
the energy dissipation capacity of the material. 
 
Figure 1.12: Conceptual superelastic stress-strain curve depicting those properties important for structural application 
(McCormick et al. 2007) 
The coupon tests were performed because prior research showed that SMA is susceptible 
to changes in behavior due to the variations in the microstructural composition. By using small 
coupon specimens, one can demonstrate the effects of grain size, orientation, and density on the 
overall mechanical properties. The stress-strain results show that all specimens exhibited a slight 
plateau between 30 and 50 MPa during the first cycle, indicating a brief intermediate transition to 
the R-phase between the austenite and martensite phases. The subsequent cycles do not show this 
effect. Additionally, the first cycle of each test also shows a Lüders-like transformation where 
the stress drops after reaching the transformation while the strain continues to increase. This 
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behavior was attributed to the linear propagation of the austenite to martensite transformation 
through the coupon specimen. This propagation effect is not seen in subsequent cycles of testing. 
The specimens taken from the center of the bars were compared to the specimens taken from the 
edges. It was seen that the center specimens have a slightly higher stiffness, but otherwise, there 
is no significant variation in mechanical properties to indicate any trends. 
The full-scale specimen tests all show repeatable, clear hysteretic behavior with good 
recentering capacity. Like the coupon specimens, the full-scale specimens show a slight plateau 
in the stress-strain curve due to an R-phase transition on the first cycle only. Unlike the coupon 
specimens, there is no Lüders-like transformation, likely because the full-scale specimens have 
more volume to allow for a more random transition from austenite to martensite. The forward 
transformation stress is 444 MPa for the 19.1 mm bars and 421 MPa for the 12.7 mm bars, and 
degrades at the same rate for both specimens as the cycles progress, showing that while bar size 
does have an effect on the initial forward transformation stress, it does not have any effect on the 
reduction. The residual strain was slightly higher for the larger bar, 0.88% vs. 0.75% for the 19.1 
mm bar and 12.7 mm bar respectively, but not enough to be a significant factor preventing the 
use of larger bars for structural applications. Finally, the test results showed no correlation 
between bar size and equivalent viscous damping. 
Due to the high cost of shape memory alloy material, the goal of testing coupon 
specimens alongside full-scale specimens was to investigate the feasibility of replacing costly 
full-scale specimens with inexpensive coupon samples when performing material property 
characterization tests. For this purpose, the coupons taken from the centers of the bars were 
compared directly to the full-scale specimens. The large-scale specimen results were more 
repeatable, indicating that the coupon tests were significantly affected by variations in the local 
microstructure of the material. The results of the comparisons, shown in Figure 1.13, show that 
the trends in the mechanical properties are much clearer for the full-scale specimens compared to 
the coupon tests. 
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Figure 1.13: Full-scale and coupon test cyclic results for the 19.1 and 12.7 mm bars with respect to (a) initial elastic 
modulus; (b) forward transformation stress; (c) residual strain; (d) equivalent viscous damping (McCormick et al. 2007) 
In addition to the cyclic tests, another series of tests was performed on full-scale 
specimens to simulate nonuniform loading from an earthquake. The specimens were subjected to 
a loading protocol consisting of single tension cycles of 0.5%, 1%, 2%, 3%, 4%, 5%, and four 
cycles of 6% strain. The results, displayed in Figure 1.14, show that there is a slight R-phase 
transition for the 19.1 mm and 12.7 mm specimens, but none for the 31.75 mm specimen. For all 
specimens, it was seen that the elastic modulus remained constant through the 5% strain cycle, at 
which point it began to degrade similar to the cyclic tests. Likewise, the forward transformation 
stress did not begin to degrade significantly until reaching the 6% strain cycles, nor did the 
residual stress increase over that same period. The equivalent viscous damping was observed to 
increase up to the 6% strain cycle and then decrease once the forward transformation stress 
began to degrade. In general, the nonuniform loading protocol did not have any negative effects 
on the mechanical properties. 
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Figure 1.14: Representative earthquake tensile stress-strain results for the (a) 31.75 mm; (b) 19.1 mm; (c) 12.7 mm full-
scale specimens (McCormick et al. 2007) 
 The following conclusions were made in this study: 
1) Coupon specimens taken from different locations within the bar provide limited 
information relative to the properties of the full-scale bar due to the variation in the 
microstructure of the specimen. 
2) The Lüders-like transformation is only observed in the coupon specimens indicating that 
the material properties are dependent on the specimen geometry. 
3) There is no connection between bar size and the forward transformation stress, but there 
is a reduction in the transformation stress over continued loading cycles due to the 
accumulation of precipitates. 
4) Residual strain decreases with bar size indicating that hot rolling of the bar reduces the 
accumulated inelastic strain in the specimen. 
5) Equivalent viscous damping is inversely proportional to the bar size due to the higher 
reverse transition stress measured in smaller bars. 
6) Nonuniform earthquake loading has no significant effect on the properties of the 
specimens when compared to uniform cyclic loading. 
7) Full-scale hot-rolled SMA bars demonstrate good superelastic behavior and are a more 
cost effective solution compared to cold-rolled SMA bars previously used. 
1.2.3 Self-centering Systems 
Christopoulos et al. (2008). A self-centering energy dissipative (SCED) steel brace was 
developed as an alternative to traditional buckling braces and buckling-restrained braces used in 
concentrically braced frames. The design of the SCED brace allows for large axial deformations 
without sustaining any structural damage to the brace elements, while simultaneously providing 
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stable energy dissipation and minimizing residual drift. The SCED brace consists of two 
structural members, free to move independently of one another, that are linked via pre-tensioned 
tendons, abutting elements, and a frictional dissipative mechanism. When subjected to an axial 
load, the structural members provide an initial elastic stiffness to the brace until the pretension 
force in the tendons is overcome, at which point the two structural elements will move relative to 
one another. Once the relative movement is initiated, the frictional dissipative mechanism is 
engaged and the post-elastic stiffness is governed by the stiffness of the pre-tensioned tendons. If 
the initial pretension in the tendons is higher than the required force to activate the frictional 
dissipative mechanism, the elastic response of the tendons will cause the brace to return to the 
initial position upon releasing the load. Figure 1.15 illustrates the basic mechanism of the SCED 
brace. 
 
Figure 1.15: Mechanics and hysteretic response of the SCED system (Christopoulos et al. 2008) 
A series of tests were performed to validate the various components of the SCED braces. 
Various nonasbestos-organic (NAO) materials were tested to measure the friction resistance. It 
was determined that of the materials tested, the NAO with the lowest resistance had the most 
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stable response over repeated cycles, and was thus chosen as the ideal material. Parallel lay 
tendons composed of Kevlar-29 (Type F) were compared to Technora parallel lay tendons, both 
variations of para-aramid tendons to be used for the composite tensioning system. Both tendons 
were subjected to quasi-static cyclic loading, and though it had a lower stiffness than the Type F 
tendon, the Technora tendon was chosen because it had a higher elongation capacity. 
A pair of full-scale specimens were fabricated and assembled at the University of 
Toronto Structures Laboratories. The structural elements consisted of an HSS 254x254x8 mm 
interior tube and an HSS 305x305x6.4 mm exterior tube. Four 17 mm parallel lay Technora 
tendons were used along with 4 friction energy dissipative mechanisms. All dimensions of each 
brace were identical aside from the length. The SCED brace that was subjected to axial testing 
was only one-third of the full length of 6030 mm. Figure 1.16 shows the prototype SCED brace. 
  
Figure 1.16: Tested SCED prototype: (a) 3D view; (b) elevation (Christopoulos et al. 2008) 
The 1/3-length SCED prototype was subjected to a series of quasi-static cyclic axial tests 
using a Universal Testing machine. The initial cycles were run prior to tensioning the friction 
mechanism bolts. The response curve of the initial cycles shows a stable bilinear elastic response 
(Figure 1.17a). Subsequently, two out of the six bolts were tightened on each friction mechanism 
and additional cycles were run. The response shows the added force capacity and energy 
dissipation from the friction mechanism (Figure 1.17b). An additional two bolts were tightened 
in each friction mechanism and the force capacity and energy dissipation increased as expected 
(Figure 1.17c). A small amount of residual deformation is present, but it is relatively 
insignificant compared to the larger deformations that seen in the full test. Finally, all of the bolts 
were tightened and the full deformation protocol was run. The response showed a stable and 
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repeatable full-recentering behavior with significant energy dissipation (Figure 1.17d). After 
completing the full test protocol, the tendons were released and the SCED brace was subjected to 
one more test cycle of 1% elongation. As expected, the response showed a typical rigid-plastic 
hysteresis (Figure 1.17f). Additional cycles of testing up to 2% elongation were also performed 
on the brace. The response clearly showed that once the elongation capacity of the tendons was 
exceeded, the self-centering nature was quickly lost and the behavior transitioned into a simple 
friction brace. 
 
Figure 1.17: Response of SCED prototype under quasi-static axial loading: (a) on PT applied; (b) PT + two bolt friction 
mechanism; (c) PT + four bolt friction mechanism; (d) full SCED brace; (e) force in PT elements; (f) friction device only 
(Christopoulos et al. 2008) 
The full-length SCED prototype was tested in a 9 x 3.75 m test frame at the Structural 
Engineering Laboratory at École Polytechnique of Montréal. To prevent damage to the tendons 
due to high deformation, a fuse was installed at one end of the brace allowing for slippage to 
occur at a threshold close to the elongation capacity of the tendons. The specimen was subjected 
to a series of quasi-static and dynamic cyclic tests. The response was similar to the results of the 
axial testing. 
The following conclusions were made from this study: 
1) The SCED brace is a viable alternative to a standard steel brace used in a traditional 
concentrically braced frame system. 
2) Validation tests confirmed the expected performance of the components used in the 
SCED brace. 
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3) Quasi-static axial tests results demonstrated a stable and repeatable self-centering 
hysteretic response. 
4) When brace deformation exceeded the elongation capacity of the aramid tendons, self-
centering behavior was lost. A fuse element was installed in subsequent tests to prevent 
such damage under extreme loading. 
5) Further research is being carried out to fully characterize the tensioning system and 
increase the overall deformation capacity. 
Dolce and Cardone (2006). Three families of shape memory alloy-based passive control 
devices were designed and tested to demonstrate the viability of using SMAs in civil engineering 
applications. The three categories of devices consisted of braces for framed structures, seismic 
isolation devices, and smart ties for arches and vaults. This summary will focus on primarily on 
the braces since the other categories fall outside of the scope of the research presented in this 
thesis. 
In these devices, SMA wires are used in two separate functional groups. The recentering 
group consists of pretensioned SMA wires which rely on the superelastic nature of the material 
to provide a force to overcome the inelastic displacement of the frame, restoring the brace to its 
initial length. The mechanism of the braces is designed so that the recentering group is always 
subjected to tensile loading regardless of the overall action of the device. The dissipating group 
consists of pretensioned superelastic SMA wires that are arranged in two groups to act as 
counteracting springs – one set of the wires are elongated while the opposing is shortened. In the 
case of both groups, the superelastic nature of the SMA wires allows for large deformations with 
little to no buildup of residual strain. Figure 1.18 depicts a typical device configuration showing 
both groups of SMA wires and its expected force displacement behavior. 
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Figure 1.18: (a) Functional scheme of a complete device, including both functional groups of SMA wires; (b) Idealized 
force displacement relationships of a device including both groups of SMA wires (Dolce and Cardone 2006) 
By varying the use of the recentering and dissipating groups, the following types of devices 
can be configured: 
 Supplemental recentering devices (SRCD) contain the recentering group only. These 
devices will provide the needed force to restore the structure to the original configuration, 
but will have minimal energy dissipation. 
 Non-recentering devices (NRCD) contain the dissipating group only. These devices will 
provide high amounts of energy dissipation but will not provide any restoring force. 
 Recentering devices (RCD) contain both a recentering group and a dissipating group. 
These devices provide high energy dissipation and the necessary force to restore the 
structure to its original configuration. Typically these are the most desired type of 
devices. 
A series of reduced- and full-scale devices were constructed and tested over a period from 
1996 – 2003. The following full-scale devices were tested: 
 One prototype with a load capacity of 200 kN and a displacement capacity of 10 mm. 
 Four supplemental recentering braces with a load capacity of 50 kN and a displacement 
capacity of 30 mm. 
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 Two supplemental recentering isolators with a load capacity of 600 kN and a 
displacement capacity of 180 mm. 
The devices were tested at the Laboratory of Structures of the University of Basilicata using 
cyclic sinusoidal displacements. In addition to characterizing the basic behavior of the devices, 
the tests were designed to analyze the effects of displacement amplitude, loading frequency, 
temperature, and number of load cycles. 
The test results show that the experimental behavior of the devices very closely matched the 
predicted behavior. The force versus displacement results are shown below in Figure 1.19. It was 
observed that the SRCD device exhibited a small amount of energy dissipation in addition to the 
self-centering hysteresis. Since the recentering groups are typically paired with the dissipating 
group, the extra energy dissipation is a welcome feature. It was also determined that the 
equivalent viscous damping increases as the amplitude of the overall device displacement 
increases. The response of the SMA-based devices was not determined to be dependent on the 
frequency of the loading. Finally, the devices that contained recentering groups of SMA wires 
were found to be linearly dependent on temperature, with changes in mechanical properties up to 
15% for RCDs and 25% for SRCDs over a range of 0C to 40C. However, it was determined 
that the changes in behavior were similar to changes seen in other materials typical to civil 
engineering applications. 
 
Figure 1.19: Experimental cyclic behavior of a reduce-scale brace, equipped with (a) 12 SMA "recentering” 1mm dia. 
wire loops prestrained at about 2.5%; (b) 8 SMA “dissipating” 1 mm dia. wire double loops prestrained at about 3.5% 
and (c) both (Dolce and Cardone 2006) 
In addition to the tests discussed above, a series of shake table tests were performed at the 
National Laboratory of Civil Engineering at Lisbon. Two ¼ scale 4 story reinforced concrete 
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structures containing two longitudinal bays and one transverse bay were fabricated and subjected 
to ground motions recorded from the 1997 Umbria-Marche, Italy earthquake. One prototype was 
fitted with SMA-based recentering braces and the other prototype was left unbraced. The ground 
motion record was applied to the structure over a series of tests where the record was 
progressively scaled using higher valued of peak ground acceleration (PGA). The fundamental 
response frequency of the building was measured after each test, and a decrease in the frequency 
can be correlated to a softening of the structure due to inelastic damage. The results showed that 
the braced structure had a significantly higher initial frequency due to the stiffness added by the 
bracing. Additionally, the fundamental frequency of the braced frame only decayed by 8% after 
being subjected to a maximum acceleration of 0.9g versus the unbraced frame which showed a 
decay of 42% after being subject to a maximum acceleration of 0.32g. The force-displacement 
results showed that over half of the energy of the imposed earthquake loading was absorbed by 
the bracing system, significantly reducing the load on the RC frame of the structure. Finally, the 
floor displacement history shows that there was no residual drift seen in the braced structure. 
As a result of these experiments, the following conclusions were made: 
1) The three families of SMA-based devices – special braces for framed structures, 
seismic isolation devices, and smart ties for arches and vaults – all exhibit similar 
basic functional properties. 
2) All devices studied are passive control devices with SMA wires having a strain 
demand of +/- 0 – 4%. 
3) The SMA-based devices are versatile. Different behaviors can be achieved based on 
the number and characteristics of the SMA wires used. 
4) The devices all have a simple functioning mechanism. 
5) The self-centering properties of the devices can overcome external nonconservative 
forces if properly proportioned. 
6) SMA-based devices have high stiffness at low displacements and high energy 
dissipation characteristics. 
7) Thorough experimental testing has confirmed that SMA-based devices are suitable 
for implementation and are included in the new Italian seismic code for bracing and 
isolation systems. 
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Zhu and Zhang (2008). A self-centering friction damping brace (SFDB) was developed 
to replace standard steel braces in a traditional concentrically braced frame system. The SFDB 
employs two steel blocks which are slotted and bolted together in such a way that they are able to 
slide freely past one another. The tension in the bolts can be adjusted to vary the friction force 
between the two components, thus also varying the energy dissipation capacity of the brace. Two 
groups of stranded superelastic SMA wires are attached to the two steel blocks to provide a 
recentering force for the brace. The wires are arranged so that one of the two groups of the wires 
is always in tension, regardless of the overall condition of the brace. Due to their ability to 
recover from large strain deformations, the use of SMA wires will virtually eliminate any 
residual drift in the system. Figure 1.20 depicts a sketch of the SFDB configuration. 
 
Figure 1.20: Schematic of mechanical configuration of SFDB (Zhu and Zhang 2008) 
A 0.70 m long prototype specimen was fabricated and tested using an MTS 
servohydraulic test frame. The SFDB was subjected to a protocol of axial displacement cycles at 
a rate of 2 Hz, and the friction force was varied over three different tests. The results show a 
stable, repeatable response that is nearly symmetric in both tension and compression. As 
predicted, the energy dissipation increases as the friction force is increased. Figure 1.21shows the 
results from the prototype test. 
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Figure 1.21: Test results from SFDB prototype specimen (Zhu and Zhang 2008) 
In addition to the experimental tests, a series of nonlinear analyses was conducted using 
DRAIN-2DX. Three- and six-story frame models were created based on a BRBF study 
performed by Sabelli et al. (2003). For each frame, three types of bracing elements were 
examined: an SFDB without any friction element (SFDB-NF), an SFDB with a friction element 
(SFDB), and a buckling-restrained brace (BRB). A modified Wilde model was used for the 
constitutive relationship for the SMA wires in the SFDBs.  
Prior to the full frame analysis, a single bay was modeled and equivalent viscous 
damping was compared for three brace variants. Using the SFDB-NF, the damping ratio was 
5.5%; for the SFDB, the damping ratio was 17.7%; and for the BRB, the damping ratio was 
54.3%. 
A pushover analysis was conducted using the full frames according to the NEHRP 
recommended provisions. The SFDB frames were shown to perform quite comparably to the 
BRB frames. A “yield” plateau develops similar to that in the BRBF response, but because the 
“yielding” is due to the change in stiffness corresponding to the phase transformation of the 
SMA wires, the deformation will be recoverable unlike the inelastic deformation of the BRBs. It 
was seen that at story drifts greater than the design limit of 2%, the strain hardening of the SMA 
increased the load capacity of the SFDB, which can result in failures of other elements of the 
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frame. It was suggested that a friction fuse can be installed to release when the brace reaches the 
maximum design drift. 
Nonlinear time-history analyses of the frames were conducted using the suite of ground 
motion records used by Sabelli et al. (2003). The responses from the 20 ground motions at design 
basis earthquake levels were analyzed statistically and presented as mean values. The results 
from the three-story frame are shown in Figure 1.22, and the results from the six-story frame are 
shown in Figure 1.23. The mean maximum drift ratios for the BRB, SFDB, and SFDB-NF were 
0.77%, 0.88%, and 1.47%, respectively. While the BRB showed the lowest maximum drift ratio, 
the mean residual drift ratio was 0.28%, whereas there was virtually no residual drift for the 
SFDB and SFDB-NF frames. Additionally, the peak story drift remained below 2% on all cases 
for the SFDB frames, indicating that there would be no need to replace the SMA wires after the 
given earthquake events. 
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Figure 1.22: Ensemble average of seismic response of three-story prototype building under design basis earthquakes: (a) 
peak displacement; (b) peak acceleration; (c) peak story drift ratio; (d) residual story drift ratio (Zhu and Zhang 2008) 
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Figure 1.23: Ensemble average of seismic response of six-story prototype building under design basis earthquakes: (a) 
peak displacement; (b) peak acceleration; (c) peak story drift ratio; (d) residual story drift ratio (Zhu and Zhang 2008) 
From the test results, the following conclusions were made: 
1) SFDBs can be installed in a concentrically braced frame system, and, through proper 
proportion of the “yield” strength of the SMA wires to the friction force, can achieve 
nearly perfect self-centering performance. 
2) A scaled prototype was tested and successfully validated the expected performance of the 
SFDB. 
3) The high strain recovery and long fatigue life of the SMA wires will allow SFDBs to 
weather several design basis earthquakes (DBEs) without the need for replacement. 
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4) Nonlinear time history analysis shows that SFDBs provide seismic drift control 
comparable to BRBs with virtually zero residual drift under DBE-level demands. 
5) Pushover analysis shows that SFDBs can exceed the maximum design loads when 
subjected to high drift ratios due to the strain hardening of the SMA wires. An additional 
fuse is presented as an option to release the demand on the brace at drifts larger than 2%. 
1.3 RESEARCH OVERVIEW 
1.3.1 Research Objectives 
Based on the emerging interest in performance-based earthquake design, the main goal of 
the research presented in this thesis is to design, fabricate, and validate a self-centering brace that 
combines the energy dissipation and simplicity of buckling-restrained braced (BRBs) with the 
deformation capacity and self-centering characteristics of shape memory alloy (SMA). Figure 
1.24 shows a schematic overview of the self-centering buckling-restrained brace (SC-BRB) 
concept, which relies on two steel tubes (called the middle and outer tubes) to act as struts that 
transfer the compressive forces from the BRB core to the SMA rods and unite the two systems. 
In order to fully develop the design, a series of preliminary studies are performed to characterize 
the mechanical properties of the SMA bars and validate the design and fabrication of the BRB 
element to be used in the brace. Upon completion of full-scale SC-BRB experiments, an 
analytical SC-BRB model is developed to be used for further parametric studies of SC-BRBs as 
isolated components and studies examining system response of concentrically-braced frames 
with SC-BRBs. 
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Figure 1.24: Component overview of the self-centering buckling-restrained brace system 
1.3.2 Research Organization 
The remaining portion of this thesis is divided into eight chapters. Chapter 2 discusses the 
series of tests performed to characterize the mechanical properties of the SMA bars used in the 
braces. In Chapter 3, the results of a study performed to validate the design of the BRB core 
element are presented. Chapter 4 provides an overview of the behavior of the self-centering 
buckling restrained brace and summarizes the process of fabricating and instrumenting the full-
scale SC-BRB specimens. Chapter 5 discusses the experimental program. Chapter 6 describes 
two models that represent SC-BRB behavior: a basic backbone analytical model and a more 
detailed numerical model that was implemented in OpenSEES and was then used to conduct a 
short parametric study examining the effects of variations of the SC-BRB components. Finally, 
in Chapter 7, the results are summarized, conclusions are drawn, and recommendations are made 
for future research. 
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CHAPTER 2:  SHAPE MEMORY ALLOY CHARACTERIZATION 
Due to the limited depth of prior research investigating the behavior of large diameter 
shape memory alloy bars and the lack of specific mechanical properties available from the SMA 
manufacturer, a series of quasistatic cyclic tensile tests were performed on sample specimens. 
This study examined the effects of varied heat treatment procedures on the residual elongation of 
the rods. As a result, the timing of the heat treatment and the sequence in the machining process 
was refined to improve the recentering capacity of the SMA rods. 
2.1 TEST GOALS 
The goals of the test are to measure the effects of heat treatment time and sequencing on 
the following mechanical properties as defined by ASTM F2516 (2008a): 
 Lower plateau strength – the value of stress at 2.5% strain during unloading of the 
specimen 
 Upper plateau strength – the value of stress at 3% strain during the initial loading of the 
specimen 
 Residual elongation – the difference between strain at a stress of 7.0 MPa during loading 
and unloading of the specimen 
 Uniform elongation – the elongation when maximum forces is reached just before 
necking or fracture 
2.2 TEST SPECIMEN PREPARATION 
A total of five SMA specimens were fabricated and tested over the course of this study. 
All specimens were fabricated from NiTi shape memory alloy that is approximately 55% nickel 
by weight, with an austenite start temperature, As, around -15°C. The dimensions of the 
specimens are in accordance with ASTM E8. Specimens SMA1-1 and SMA1-2 were fabricated 
from a single stock 1.27 in. diameter bar that was annealed by the manufacturer at 375°C for 30 
minutes, referred to hereafter as the “straight annealed” material. Specimens SMA2-1 and 
SMA2-2 were fabricated from a single stock 1.27 in. diameter bar that received no annealing 
from the manufacturer, referred to hereafter as the “as-rolled” material. Specimen SMA3-1 was 
fabricated from the stock of 1.27 in. diameter bar that was used for the SC-BRB components, 
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received in the as-rolled state from the manufacturer. All specimens were machined on a lathe 
using carbide tooling and coolant as recommended by the SMA manufacturer. The ends of each 
specimen were threaded to fit the grips of the testing machine and to match anchorage conditions 
that will be used in the SC-BRB design. For specimens that received heat treatment after 
machining, threading of the specimens was completed after the heat treatment process to avoid 
the possibility of changes in the thread dimensions due to the effects of the heat on the SMA. 
Table 2.1 provides a summary of the SMA specimens tested. 
Table 2.1: Summary of SMA specimens 
Specimen Specimen 
Length 
(in.) 
Gage 
length 
(in.) 
Gage 
Diameter 
(in.) 
As 
(°C) 
Weight 
(%) Ni 
Weight 
(%) Ti 
Processing Cold 
work 
Annealing 
Temperature 
(°C) 
Annealing 
Time 
(minutes) 
SMA1-1 16 4.7 0.75 -13 55.88 44.12 Hot rolled None 375 30 
SMA1-2 14 4.7 0.75 -13 55.88 44.12 Hot rolled None 375 60 
SMA2-1 11 4.7 0.75 -13 55.88 44.12 Hot rolled None 375 90 
SMA2-2 11 4.7 0.75 -13 55.88 44.12 Hot rolled None 375 60 
SMA3-1 11 4.8 0.85 -12 55.88 44.12 Hot rolled None 375 60 
 
Specimen SMA1-1 has an overall length of 16 in. with a gage diameter of 0.75 in. 
measuring 4.7 in. long. Each end has threads that are 3 in. long with a pitch of 12 threads/in. At 
one end of the specimen, a section 3 in. long was left at the full diameter of the bar to measure 
the difference in strain between the machined section and the full bar. All dimensions are shown 
in Figure 2.1. 
 
Figure 2.1: Dimensions of specimen SMA1-1 
Prior to machining, specimen SMA1-2 was annealed for an additional 30 minutes at 
375°C in an open air oven and air cooled, per the manufacturer recommendation. The specimen 
40 
 
has an overall length of 14 in. and a gage diameter of 0.75 in. measuring 4.7 in. long. Each end 
has threads that are 3 in. long with a pitch of 12 threads/in. A section measuring 1 in. long is left 
unmachined between the threads and the reduced section on one end of the bar and a section 
measuring 3 in. long is left unmachined between the threads and the reduced section on the other 
end of the bar. All dimensions of SMA1-2 are shown in Figure 2.2. 
 
Figure 2.2: Dimensions of specimen SMA1-2 
Specimens SMA2-1 and SMA2-2 both have an overall length of 11 in. with a gage 
diameter of 0.75 in. measuring 4.7 in. long. Both specimens were machined but not threaded 
prior to heat treating in an open air oven. Specimen SMA2-1 was annealed for 90 minutes at 
375°C and SMA2-2 was annealed for 60 minutes at 375°C. Both specimens were air cooled. 
After the specimens were returned from the heat treating supplier, 1.5 in. long threads with a 
pitch of 12 threads/in. were cut on each end of the bars. Figure 2.3 shows all dimensions of 
specimens SMA2-1 and SMA2-2. 
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Figure 2.3: Dimensions of specimens SMA2-1 and SMA2-2 
Specimen SMA3-1 has an overall length of 11 in. with a machined diameter of 0.85 in. 
measuring 4.8 in. long. After machining, but prior to threading, the specimen was annealed for 
60 minutes at 375°C in an open air oven and air cooled. Upon return from the heat treating 
supplier, 1.5 in. long threads with a pitch of 12 threads/in. were cut on each end of the bar. All 
dimensions are shown in Figure 2.4. 
 
Figure 2.4: Dimensions of specimen SMA3-1 
In order to prevent the test specimens from warping, the SMA manufacturer 
recommended placing the bar in a fixture during the heat treatment process. A simple fixture was 
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fabricated and is shown in Figure 2.5. No visible deformation was noticed after the bars were 
heat treated. 
 
Figure 2.5: Fixture used during heat treatment of NiTi shape memory alloy specimens 
2.3 LOADING PROTOCOL 
The quasistatic cyclic tensile loading protocol is based on the research of DesRosches et al. 
(2004). The specimens are tested using increasing strain cycles of 0.5%, 1%, 2%, 3%, 4%, 5%, 
and 6%. The 6% cycle is repeated for a total of four times to test for the effects of fatigue. The 
loading is performed at a rate of 0.025Hz, resulting in a maximum strain rate of 0.3 %/sec. 
Figure 2.6 shows the loading protocol that is used. This protocol is repeated up to three times to 
study the accumulated deformation over multiple sets of cycles. 
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Figure 2.6: Loading protocol for quasistatic cyclic tension tests of NiTi shape memory alloy bars 
2.4 TENSILE TEST RESULTS 
2.4.1 Specimen SMA1-1 
After completing the first full test protocol (test SMA1-1.1), the extensometer was reset 
and the test protocol was repeated (test SMA1-1.2). The residual deformation from test SMA1-
1.1 was added to the axial strain measured during test SMA1-1.2 to account for the full strain 
imposed on the bar. The compiled stress-strain curve including the results from both tests is 
shown in Figure 2.7.  
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Figure 2.7: Stress-strain curve for specimen SMA1-1 subjected to quasistatic cyclic loading 
During the second loading cycle of 6% strain in test SMA1-1.2, the specimen fractured. 
The total cumulative strain imposed on specimen SMA1-1 is 66.36%. The fracture surface of the 
bar, as seen in Figure 2.8, shows a classic example of cyclic fatigue fracture. 
 
Figure 2.8: Fracture surface of specimen SMA1-1 
Prior to performing the tensile test on the first specimen, the same specimen was used for 
a pre-tension test. Several iterations of the test were performed and the data shows that the bar 
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was subjected to a shear strain up to 1.4% on several of those tests. It is unknown whether those 
strains had a significant effect on the cyclic fatigue strength of the bar. 
The stress-strain curves show that specimen SMA1-1 had significantly higher residual 
deformation than the test results published by DesRoches et al. (2004). The specimen showed a 
residual strain of approximately 3.5% after the fourth 6% cycle of test SMA1-1.1 compared to 
0.75% shown in the results by DesRoches et al. (2004). After further investigation, the SMA 
manufacturer concluded that the stock bars received insufficient heat treatment. Therefore, 
specimen SMA1-2 was heat treated for an additional 30 minutes at 375°C as described in the 
previous section. 
Table 2.2 shows a summary of the material properties of the bar based on test SMA1-1.1. 
Although these property definitions are designed to characterize SMA with superelastic 
behavior, which this specimen does not exhibit, they are reported here in adapted form for the 
sake of comparison with other specimens. Maximum and minimum values are noted due to the 
variance seen during the test and also due to the fact that the loading protocol was cyclic unlike 
the single cycle protocol defined in ASTM F2516. The results clearly show that the upper and 
lower plateau strengths decline significantly as the cyclical strain increases. For the lower plateau 
strength, the maximum was measured during unloading from the first 3% cycle, and the 
minimum was measured during unloading from the first 5% cycle. For the upper plateau 
strength, the maximum was measured during loading from the first 4% cycle, and the minimum 
was measured during loading of the first 6% cycle. Due to the residual strain, not all cycles 
passed through the points defined in ASTM F2516. Therefore, this summary only includes the 
cycles that passed through the defined points. The residual elongation is the elongation measured 
after the final complete cycle before the fracture of the bar. Likewise, the uniform elongation is 
the maximum elongation measured during that final complete cycle prior to fracture. 
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Table 2.2: Mechanical properties of specimen SMA1-1 subjected to quasistatic cyclic loading 
 Maximum Minimum 
Lower plateau strength (ksi) 66.65 16.13 
Upper plateau strength (ksi) 81.11 54.2 
Residual elongation (%) 6.26 N/A 
Uniform elongation (%) 9.44 N/A 
2.4.2 Specimen SMA1-2 
Specimen SMA1-2 was tested using the protocol shown in Figure 2.6. After completing 
the first full protocol (test SMA1-2.1), the extensometer was reset, and the test protocol was 
repeated (test SMA1-2.2). The residual deformation from test SMA1-2.1 was added to the axial 
strain measured during test SMA1-2.2 to account for the full strain imposed on the bar. 
After completing the 5% cycle of test SMA1-2.2, the controller of the testing frame 
switched from strain control to position control, and the specimen was accidentally put into 
compression. The test was stopped quickly, and the compression force was released. The 
maximum compression stress put on the bar was 17.4 ksi. During that time, the extensometer 
was extended beyond its range and slipped on the specimen. Therefore, the test was aborted, the 
extensometer was reset, and a new cycle of testing was started (test SMA1-2.3). The cumulative 
residual strain was added to the start of test SMA1-2.3 as in the previous tests. 
Specimen SMA1-2 fractured during the first 6% loading cycle of test SMA1-2.3. The 
maximum strain reached is 6.99% with a maximum stress of 95.08 ksi. The total cumulative 
strain imposed on specimen SMA1-2 is 71.5%. Figure 2.9 shows the fracture surface of the bar, 
again indicating fracture due to cyclic fatigue. 
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(a) (b) 
Figure 2.9: Fracture surface of specimen SMA1-2 (a) upper surface; (b) lower surface 
 
Figure 2.10: Stress-curve for specimen SMA1-2 subjected to quasistatic cyclic loading 
Figure 2.10 shows the compiled stress-strain curve for specimen SMA1-2. The initial 
cycles of test SMA1-2.1 show very little residual strain in the bar. After the 4% cycle, the 
residual elongation is only 0.197%, considerably lower than the 1.06% seen at the same point in 
test SMA1-1.1. After the final 6% cycle of test SMA1-2.1, the residual elongation is 0.87%, a 
value similar to the results published by DesRoches et al. (2004). There is a notable increase in 
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the residual elongation after unloading the bar from the 5% cycle as well as a drop in the upper 
plateau strength in subsequent cycles. Tests SMA1-2.2 and SMA1-2.3 also show further 
reduction in the upper plateau strength. Table 2.3 summarizes the material properties of the bar 
based on results from test SMA1-2.1. 
Table 2.3: Mechanical properties of specimen SMA1-2 subjected to quasistatic cyclic loading 
Lower plateau strength (ksi) 52.46 
Upper plateau strength (ksi) 63.45 
Residual elongation (%) 0.87 
Uniform elongation (%) 6.99 
2.4.3 Specimen SMA2-1 
Specimen SMA2-1 was tested using the loading protocol shown in Figure 2.6. After 
completing the first full protocol (test SMA2-1.1), the extensometer was reset, and the testing 
protocol was repeated (test SMA2-1.2). The residual deformation from test SMA2-1.1 was added 
to the axial strain measured in test SMA2-1.2 to account for the full strain imposed on the bar. 
After completing the second full testing protocol, the extensometer was reset again, and the 
testing protocol was repeated (test SMA2-1.3). The residual deformation from tests SMA2-1.1 
and SMA2-1.2 were added to the axial strain measured during test SMA2-1.3 to account for the 
full strain imposed on the bar. After completing the third full protocol, the extensometer was 
reset, and a modified version of the testing protocol was run (test SMA 2-1.4), to study the 
fatigue effects at multiple cycles of strain lower than 6%. The modified protocol is shown in 
Figure 2.11. The residual deformation from all three previous tests was added to the axial strain 
measured during test SMA2-1.4 to account for the full strain imposed on the bar. 
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Figure 2.11: Modified loading protocol for quasistatic cyclic tension tests of NiTi shape memory alloy bars 
Specimen SMA2-1 did not fracture after completing four full test protocols and the 
decision was made to end the testing. The maximum total strain achieved while testing 
specimens SMA2-1 is 6.9% and the maximum stress is 87.5 ksi. The total cumulative strain 
imposed on specimen SMA2-1 is 173.0%. 
0
1
2
3
4
5
6
7
0 100 200 300 400 500 600
A
x
ia
l 
S
tr
a
in
 (
%
) 
Time (sec) 
50 
 
 
Figure 2.12: Stress-strain curve for specimen SMA2-1 subjected to quasistatic cyclic loading 
Figure 2.12 shows the stress-strain curve for all four cycles of the test performed on 
specimen SMA2-1. The initial cycles of test SMA2-1.1 show very little residual strain in the bar. 
After the 4% cycle, the residual elongation is only 0.014%, significantly lower than the 0.197% 
seen at the same point in test SMA1-2.1. After the final 6% cycle of test SMA2-1.1, the residual 
elongation was 0.291%. There is a notable increase in the residual elongation after unloading the 
bar from the 5% cycle as well as a drop in the upper plateau strength in subsequent cycles. 
Overall, the upper and lower plateau strengths for specimen SMA2-1 are considerably lower that 
for specimen SMA1-2. Table 2.4 summarizes the mechanical properties of specimen SMA2-1 
based on test SMA2-1.1. 
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Table 2.4: Mechanical properties of specimen SMA2-1 subjected to quasistatic cyclic loading 
Lower plateau strength (ksi) 36.91 
Upper plateau strength (ksi) 49.51 
Residual elongation (%) 0.54 
Uniform elongation (%) 6.87 
2.4.4 Specimen SMA2-2 
Specimen SMA2-2 was tested using the loading protocol shown in Figure 2.6. After 
completing the first full testing protocol (test SMA2-2.1), the extensometer was reset, and the 
testing protocol was repeated (test SMA2-2.2). The residual deformation from test SMA2-2.1 
was added to the axial strain measured during test SMA2-2.2 to account for the full strain 
imposed on the bar. After completing the second full testing protocol, the extensometer was 
reset, and the testing protocol was repeated (test SMA2-2.3). The residual deformation from tests 
SMA2-2.1 and SMA2-2.2 were added to the axial strain measured during test SMA2-2.3 to 
account for the full strain imposed on the bar. After completing the third full testing protocol, 
additional cycles of 7%, 8%, and 9% were run. 
Prior to the first cycle of the full testing protocol, the bar was tested for a few cycles at 
0.5% strain. The loading deformation curve exhibited some nonlinearity, which caused concern 
that there was slippage between the extensometer and the specimen. The testing protocol was 
halted and the extensometer was removed and reattached to the specimen. After it was confirmed 
that the extensometer was securely in place, test SMA2-2.1 was commenced. 
52 
 
 
Figure 2.13: Stress-strain curve for specimen SMA2-2 subjected to quasistatic cyclic loading  
Figure 2.13 shows the stress-strain relationship from tests SMA2-2.1 and SMA2-2.2. The 
results from test SMA2-2.3 are omitted for clarity. The loading protocol was smoothly executed 
for all of tests SMA2-2.1 and SMA2-2.2. However, when the specimen reached the first peak at 
6% strain in test SMA2-2.3, the extensometer slipped. The extensometer was checked, and the 
test was resumed. During the next loading cycle, the extensometer slipped again. The test was 
stopped, and the extensometer was again removed and reattached to the specimen. Test SMA 2-
2.3 resumed at 6% cycles, but the extensometer slipped again during the first loading cycle. At 
that point, the test was continued without adjusting the extensometer. There was no further 
slippage and the bar was tested up to 9% strain based on the original extensometer position. The 
extensometer was reattached one final time, and another cycle of 9% strain was attempted. The 
bar fractured at 8.07% strain and a stress of 122 ksi. The total cumulative strain imposed on 
specimen SMA2-2 is 150.0%. Table 2.5 summarizes the mechanical properties of specimen 
SMA2-2 based on the results from test SMA2-2.1. 
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 Table 2.5: Mechanical properties of specimen SMA2-2 subjected to quasistatic cyclic loading 
Lower plateau strength (ksi) 38.57 
Upper plateau strength (ksi) 51.12 
Residual elongation (%) 0.35 
Uniform elongation (%) 9.011 
2.4.5 Specimen SMA3-1 
Specimen SMA3-1 was tested using the protocol shown in Figure 2.6. After completing 
the first full testing protocol (test SMA3-1.1), the extensometer was reset, and the testing 
protocol was repeated (test SMA3-1.2). The residual deformation from test SMA3-1.1 was added 
to the axial strain measured during test SMA3-1.2 to account for the full strain imposed on the 
bar. After completing the second full protocol, the extensometer was reset again, and the testing 
protocol was repeated (test SMA3-1.3). The residual deformations from tests SMA3-1.1 and 
SMA3-1.2 were added to the axial strain measured during test SMA3-1.3 to account for the full 
strain imposed on the bar. Test SMA3-1.3 was completed without fracture of the specimen and it 
was decided to stop testing at that point. 
A small plateau exists in the first cycle of the stress-strain curve due to the R-phase 
transition, which is not seen in subsequent cycles of testing. This R-phase transition was 
observed in prior tests (McCormick et al. 2007; Tyber et al. 2007).The upper plateau strength is 
46.38 ksi and the residual elongation is 0.33%. The response of SMA3-1 is similar to the 
previous specimens. The specimen has an upper plateau strength slightly lower than that of 
SMA2-1 and SMA2-2, but the residual strain is also slightly lower. The total cumulative strain 
imposed on specimen SMA3-1 is 118.5%. Figure 2.14 shows the complete stress-strain curve for 
all three cycles of the loading protocol performed on specimen SMA3-1, and Table 2.6 
summarizes the mechanical properties. 
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Figure 2.14: Stress-strain curve for specimen SMA3-1 subjected to quasistatic cyclic loading 
 
Table 2.6: Mechanical properties of specimen SMA3-1 subjected to quasistatic cyclic loading 
Lower plateau strength (ksi) 32.45 
Upper plateau strength (ksi) 46.38 
Residual elongation (%) 0.33 
Uniform elongation (%) 6.48 
2.5 SMA MATERIAL TESTING CONCLUSIONS 
A direct comparison of the results of all five samples is shown in Table 2.7. When the 
heat treatment time was increased, there is a noticeable decrease in the residual elongation. 
However, the beneficial reduction in residual elongation is accompanied by decreased strength. 
Because the pre-tensioned SMA rods are providing the self-centering force of the SC-BRB, it is 
critical that the residual elongation in the bars is minimal. Therefore, it was decided that the 
reduction in strength is an acceptable outcome.  
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Table 2.7: Summary of mechanical properties of all SMA specimens 
Specimen SMA1-1 SMA1-2 SMA2-1 SMA2-2 SMA3-1 
Lower Plateau Strength (ksi) 66.7 52.5 36.9 38.6 32.5 
Upper Plateau Strength (ksi) 81.1 63.5 49.5 51.1 46.4 
Residual Elongation (%) 6.26 0.87 0.54 0.35 0.33 
Cumulative Strain (%) 66.4 71.5 173.0 150.0 118.5 
Fractured? (Y/N) Y Y N Y N 
Heat treating the bars after the machining process also results in lower residual 
deformation. Additionally, it was reported that machining the as-rolled bars was slightly easier 
than machining the harder, heat treated bars. Tyber et al. (2007) have documented the increase in 
hardness that comes from annealing after hot rolling. Since the machining process was 
considerably costly and time-consuming, the improvement to the machining process is 
beneficial. 
Finally, all specimens show that the majority of the residual elongation measured 
accumulates during the 6% strain cycles. Therefore, the length of the SMA bars in the SC-BRB 
shall be specified to limit the strain in each bar to 5% or less. 
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CHAPTER 3:  BASELINE BUCKLING-RESTRAINED BRACE 
EXPERIMENTAL VALIDATION 
3.1 TEST GOALS 
Prior to testing the full self-centering buckling-restrained brace (SC-BRB), a modified 
specimen was fabricated and tested to ensure that the general design of the BRB component of 
the SC-BRB was satisfactory. The baseline BRB specimen consisted of the BRB core and 
confining tube only. The dimensions of the baseline BRB specimen match those of the full SC-
BRB except for a few minor modifications that were made in the SC-BRBs based on the baseline 
BRB test results. The main goals of the baseline BRB test were to: 
 Verify that the connection regions had sufficient strength and stiffness. 
 Verify that global buckling of the BRB would not occur. 
 Test the adequacy of the Teflon wrapper as a means of breaking the bond between the 
steel core and the concrete confinement. 
 Develop representative cyclic behavior for the baseline BRB. 
3.2 TEST SETUP AND SPECIMEN 
A full-scale BRB was fabricated and tested at the Newmark Structural Engineering 
Laboratory at the University of Illinois at Urbana-Champaign. The test was performed using the 
MTS 600-kip uniaxial servo-controlled hydraulic test frame and the Instron 8500 Plus controller, 
shown in Figure 3.1. 
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Figure 3.1: MTS 600-kip testing frame in Newmark Structural Engineering Laboratory 
The specimen dimensions are identical to the BRB portion of the self-centering BRB 
which is the focus of the research presented in this thesis. The steel core and stiffeners were 
fabricated from A36 steel, and the confining tube was fabricated using two pieces cut from an 
HSS 7x9x3/8 tube of A500 Grade B steel. The overall dimensions of the BRB are shown in 
Figure 3.2. 
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(a) 
 
(b) 
Figure 3.2: Baseline BRB (a) steel core; (b) confining tube, exploded view 
The yielding region of the BRB core is 1.5 in. x 0.5 in., giving it a cross-sectional area of 
0.75 in. Tensile coupon tests showed that the yield stress of the core steel is 46.0 ksi, and the 
ultimate strength is 69.9 ksi. Therefore, the nominal yield force of the brace, Py, is expected to 
be 34.5 kip. The end connections are designed to remain elastic throughout the test, and the ends 
of the core are stiffened to prevent buckling of the core region not encased in the confining 
material. The stiffened region extends 10 in. into the confining tube to maintain adequate 
stiffness when the BRB is loaded in compression after reaching the maximum tensile 
deformation. The transition regions of the core are tapered at a ratio of approximately 1:3 with a 
corner radius of 4.0 in. to prevent unwanted stress concentrations from developing in the core. 
When assembled, the confining tube is equivalent to an HSS 7x7x3/8 tube. The elastic 
buckling strength of the tube is 386.1 kip which is sufficiently large enough to exceed the 
expected axial forces to be imposed on the BRB. 
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The grout mixture used for the confining material in the baseline BRB specimen is 
Statuary HYDROCAL Brand White Gypsum Cement. The material was chosen because it is 
highly flowable and has 3000 psi compressive strength after one hour, allowing for a quick 
transition between fabrication and testing. Compression tests were performed in accordance with 
ASTM C109 (2008b), using sample cube specimens of the HYDROCAL, measuring 2 in. per 
side, in a Fourney compression machine. The cubes are shown in Figure 3.3. The results showed 
that the grout had an average compressive strength of 5600 psi after 21 days, which is 
significantly higher than the 2900 psi concrete successfully used as confinement by Tremblay et 
al. (2006). 
 
(a) 
 
(b) 
Figure 3.3: Statuary HYDROCAL Brand Gypsum Cement compression cubes (a) in formwork; (b) removed from 
formwork 
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3.3 SPECIMEN FABRICATION 
The BRB core plate and stiffeners were cut using water jet technology. After welding the 
stiffeners to the BRB core, four high-elongation strain gages were attached to the steel core. Two 
methods were tested to protect the gages from the concrete, shown in Figure 3.4. Two gages 
were covered using the Vishay M-Coat F system, consisting of a coating of M-Coat B air drying 
nitrile rubber, a piece of M-Coat FT Teflon tape, a piece of M-Coat FB butyl rubber, and M-Coat 
FA aluminum foil tape. The other two gages were simply coated with Vishay M-Coat C. 
 
 
(a) (b) 
Figure 3.4: BRB core strain gages (a) M-Coat F system; (b) M-Coat C 
For the steel core to compress freely, compressible foam blocks were attached to the 
transition regions of the core to create voids in the confinement material. The blocks were sized 
to accommodate a maximum compression of 4 in., and were cut from ½ inch polyethylene foam 
with a compressive strength of 4-8 psi. The blocks were affixed to the steel using double-sided 
tape, shown in Figure 3.5. In addition to the blocks at the transition regions, 1/8 in. thick strips of 
the foam were attached along the edges of the core yielding region to create a void to allow for 
Poisson’s expansion. 
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Figure 3.5: Foam core used to create voids in confining material 
The entire BRB core was wrapped in virgin electrical grade Teflon PTFE to prevent the 
steel from bonding to the grout. Sheets that were 0.005 in. thick and 12 in. wide were cut, 
wrapped around the core, and secured using tape. Four layers of the PTFE film were used to 
provide adequate protection and debonding. The final wrapped specimen is shown in Figure 3.6. 
62 
 
 
 
 
(b) 
 
(a) (c) 
Figure 3.6: BRB core wrapped in Teflon PTFE film (a) full brace; (b) close up of upper end; (c) close up of lower end 
The confining tube was assembled and welded to the core at one end, preventing it from 
sliding out of place. To prevent damage to the Teflon wrapping due to the heat of welding, the 
seam between the tube halves was only welded partially at this point in the fabrication process. A 
steel end cap was fabricated and attached to the free end of the tube, allowing for the core to pass 
through as it deformed. The capped end and tube seams were then temporarily sealed with 
silicone to accommodate the placement of the confining material.  
The entire BRB assembly was hung vertically in the lab, and the confining tube was filled 
with HYDROCAL. Batches of grout were mixed as the tube was filled to ensure that the mixture 
remained flowable throughout the procedure. The mixed grout was placed using a funnel and 
tube to prevent air bubbles from forming as the mixture was dropped in. Figure 3.7 shows the 
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process of placing the grout in the confining tube. The specimen was left in the vertical position 
for 24 hours to allow for the grout to fully set before the fabrication process was continued. 
 
(a) 
 
(b) 
 
 (c) 
Figure 3.7: Grout placement (a) Preparation for placement; (b) Placing grout; (c) Filled specimen 
Steel end caps were welded to the open end of the confining tube to contain the grout, 
and the remainder of the seam along the tube was welded to ensure that the tube could develop 
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its full elastic buckling strength. Strain gages were attached to the tube, and mounting points for 
LVDTs were welded to the connection regions at each end of the BRB, shown in Figure 3.8. 
Finally, pre-designed grips were bolted to each end of the brace to be fit into the testing frame. 
The completed specimen is shown mounted in the test frame in Figure 3.9. 
 
(a) 
 
(b) 
Figure 3.8: Baseline BRB instrumentation (a) strain gages on confining tube; LVDT mounting points 
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Figure 3.9: Baseline BRB mounted in MTS 600-kip uniaxial servo-controlled testing frame 
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3.4 TESTING PROTOCOL 
The specimen was tested using a modified version of the BRB testing protocol given in 
the AISC Seismic Provisions (2005). This protocol, is similar to the protocol for testing the full 
self-centering BRB. The test protocol consists of two cycles each at Δby, 0.5 Δbm, 1.0 Δbm, 1.5 
Δbm, 2.0 Δbm, 3.0 Δbm, 4.0 Δbm, 5.0 Δbm, 6.0 Δbm, and 7.0 Δbm, where Δby is the overall 
deformation of the brace required to induce yielding of the steel core region of the BRB, and Δbm 
is the design story drift. . Based on prior research (Bolduc and Tremblay 2004), it was decided 
that Δbm = 5 Δby is an acceptable deformation to use as the design story drift. Further calculations 
were performed to approximately account for the elastic deformation of the non-yielding sections 
of the brace, as well as the deformation in the testing frame. The adjustments are added to the 
original deformations calculated for the loading protocol. 
Two different loading rates were used for each test. The initial loading rate was set so 
that the first cycle would be completed in 120 seconds. This rate was chosen in order to collect a 
sufficient number of data points during the cycles of small deformation. Beginning with the 
cycle at 1.0 Δbm, the loading rate was doubled to shorten the overall length of the test. A time 
history of the targeted deformation is shown in Figure 3.10. 
 
Figure 3.10: Quasistatic cyclic loading protocol for non-SC BRB testing 
-35
-25
-15
-5
5
15
25
35
0 20 40 60 80 100 120
Δ
b
 /
Δ
b
y
  
Time (sec) 
67 
 
3.5 TEST RESULTS 
Prior to testing, tensile coupons of the core material were fabricated and tested. The mean 
yield strength of the tensile coupon specimens is 46.0 ksi. Based on the strength of the tensile 
coupons, the load-deformation results are normalized using the yield deformation of the BRB, 
Δy, which is equal to the deformation of the brace required to yield the BRB core, and the yield 
force of the BRB core, Py. The normalized response is shown in Figure 3.11. 
 
Figure 3.11: Normalized load-deformation response for non-SC BRB subjected to quasistatic cyclic loading 
From the onset of the testing, the specimen reached higher forces than expected during 
the tension cycles. Measurements from the strain gages placed on the confining tub were used to 
calculate the average force in the confining tube. The results show that there is nontrivial load 
being transferred to the tube. Figure 3.12 shows the average force measured in the confining 
tube, normalized to the brace yield force. While some increased axial stiffness is expected for a 
BRB in compression, the high stiffness in tension was not predicted. Within each cycle, there is a 
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noticeable increase in stiffness as the brace deforms in tension. As the test progresses, the force 
transferred to the confining tube decreases with each cycle, implying the breakdown of the 
obstacle restricting the core movement within the restraint mechanism. 
 
Figure 3.12: Average force in confining tube versus brace deformation 
The test specimen maintained full load carrying capacity through the cycles at 20 Δby. 
During the compression cycles corresponding to 25 Δby, there are sudden drops in strength, likely 
due to internal buckling of the BRB core. As the specimen began the compression portion of the 
first 30 Δby cycle, there is a significant stiffness drop seen on the load-deformation plot. As the 
specimen went into tension after reaching the compression peak, there was a metallic crunching 
sound followed by a sharp pop, assumed to be the fracture of the core, corresponding to the 
severe load drop seen in Figure 3.11 at a deformation around -12 Δby. At this point, it was 
determined that the load carrying capacity was greatly diminished and the test protocol was 
stopped. 
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To isolate the force-deformation response of the BRB core alone, the average force in the 
tube was subtracted from the overall response. Figure 3.13 shows the calculated brace core force 
overlaid on the full measured BRB response. The plot clearly shows that the confining 
mechanism interaction resulted in significant overstrength in the brace. However, the inferred 
core response, with the confining tube contribution removed, is consistent with typical BRB 
response. Post-test investigations show that there was insufficient debonding between the steel 
core and confinement material. 
 
Figure 3.13: Force-deformation response of BRB core compared to full brace response 
3.6 POST TEST INVESTIGATION 
Following the completion of the cyclic testing, the brace was dismantled to examine the 
BRB core. The end plates were cut off and the confining tube was split along the weld seam. 
Figure 3.14 shows the removal of the end plate at the top end of the brace. Initial examination of 
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the brace clearly showed that there was significant bonding between the grout and the steel core, 
explaining the transfer of axial force from the steel core to the confining tube. After splitting the 
confining tube, a saw was used to cut through the grout at the seam in the tube. The top half of 
the confining tube was then lifted up from the brace core, with the grout remaining largely intact 
inside the confining tube segment. 
 
Figure 3.14: End plate detached from confining tube 
When the core was exposed, it was clear that the grout had bonded to the core along a 
limited section near the end of the brace. Figure 3.15 shows the extent of the area where the 
grout was bonded to the core. The total length of the affected region is approximately 10 in. Due 
to the relative movement between the core and the grout, the plastic and foam were heavily 
damaged. Therefore, it was not possible to determine an exact location where the grout had 
penetrated through the Teflon sheeting during the casting process 
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Figure 3.15: Region of bonding between grout and BRB core 
The brace fractured 47 in. from the top end, due to a severe local buckle, shown in Figure 
3.16. The grout surrounding the site of the local buckling was crushed and worn away by the 
buckled steel. The shape of the locally buckled region and the fracture location is seen more 
clearly with the core removed from the grout as shown in Figure 3.17. 
 
Figure 3.16: Brace fracture due to local buckling surrounded by damaged grout 
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Figure 3.17: Fractured brace core due to local buckling 
In addition to the local buckling shown above, the brace also buckled along the strong 
axis of the core, as shown in Figure 3.18. The grout surrounding the strong axis buckling appears 
to be largely undamaged, indicating that there was a significant amount of space between the 
undeformed brace core and the confining grout. After disassembling the BRB, a few sections of 
the grout remained intact and the void measures 2 in. deep, sufficient room for the core to 
deform without damaging the grout. The additional void was likely due to space accumulated 
between loosely wrapped Teflon layers. The extent of the strong axis buckling is shown in 
Figure 3.19. The length of the buckled waves is approximately 4Bc, where Bc is the width of the 
BRB core, equal to 1.5 in. This measurement is similar to buckling predicted by Taekuchi et al. 
(2010). The maximum deflection from the original edge of the core to the buckled edge of the 
core is 1.7 in. 
 
Figure 3.18: Strong axis buckling of the BRB core 
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Figure 3.19: Strong axis buckling measurements of the BRB core 
3.7 BASELINE BRB CORE STEEL TENSILE TESTING 
Three tensile coupons were fabricated using the excess steel plate used for the baseline. 
The specimens had a cross-section measuring 1.5 in. x 0.5 in., and a gage length of 8.0 in. and 
were proportioned in accordance with ASTM E8 (2009). Each tensile coupon was fitted with two 
extensometers, one with a travel length of +/- 0.2 in., used to measure the elastic deformation, 
and another with a travel length of 4.0 in., used to measure the post-yield deformation. The 
specimens were tested using a monotonic quasistatic load, with an initial loading rate of 0.08 
in./min. Once yielding began, the rate was increased to 0.30 in./min until the specimen fractured. 
The stress-strain curves for the tensile coupons are shown in Figure 3.20. 
 
Figure 3.20: Stress-strain curves for baseline BRB core steel tensile coupons 
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The yield strength was calculated using the offset method described in section 7.7.1 of 
ASTM E8 (2009) using a 0.2% strain offset, and the uniform elongation was measured according 
to section 7.9 of the same standard. Figure 3.21 shows the initial yielding region of the stress-
strain curve for tensile coupon BRB-1, which is representative of all specimens. The test results 
are summarized in Table 3.1. 
 
Figure 3.21: Stress-strain curve for baseline BRB core steel tensile coupon 
 
Table 3.1: Summary of baseline BRB core steel material properties 
Specimen Fy (ksi) Fu (ksi) Uniform ε (%) ε at fracture (%) 
1 45.3 69.8 17.61 26.88 
2 46.4 69.3 17.37 26.80 
3 46.3 70.6 15.14 26.83 
Average 46.0 69.9 16.71 26.84 
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3.8 BASELINE BRB TESTING CONCLUSIONS 
The test results show that the baseline BRB generally performed adequately under the 
specified loading. After adjusting for the grout-core interaction, the response shows stable and 
predictable hysteretic behavior. The following conclusions can be made: 
 Overall, the BRB core functioned as designed, confirming that it is properly 
confined and stabilized. 
 The BRB connections regions provide sufficient strength and stiffness for the 
given testing conditions. 
 Both the M-Coat F and M-Coat C systems offer comparable protection for the 
strain gages. Therefore, the M-Coat C will be used hereafter due to its simplicity 
relative to the M-Coat F. 
 Some bonding occurred between the steel BRB core and the grout. This can be 
resolved in the future by wrapping and sealing the core more thoroughly. 
 Local strong-axis buckling of the BRB core was observed due to additional voids 
created by loose Teflon wrapping. Future buckling of this nature can be avoided 
by wrapping the BRB core tighter. 
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CHAPTER 4:  SELF-CENTERING BUCKLING-RESTRAINED BRACE 
BEHAVIOR AND DESIGN OF TEST SPECIMENS 
The self-centering buckling-restrained brace (SC-BRB), shown in Figure 4.1, uses the 
widely accepted BRB concept as the energy dissipating mechanism and pre-tensioned NiTi SMA 
rods, which are in the austenite phase and exhibit superelastic behavior, to create the self-
centering force. The SMA rods also contribute energy dissipation due to their inherent flag-
shaped hysteretic response. The SC-BRB is a brace that can be substituted in a frame for a 
conventional steel brace or buckling-restrained brace without changing the rest of the structure. It 
does not require any unusual detailing or construction methods, but instead could be 
implemented using current design and construction practices. Unlike post-tensioned moment 
frames or rocking-based systems, there are no additional challenges associated with 
accommodating connection gap-opening or rocking displacement and interfacing the lateral-
load-resisting frames with the gravity system and rigid floor diaphragms. 
 
Figure 4.1: SC-BRB with dimensions for a half-scale specimen 
4.1 SC-BRB COMPONENTS 
The SC-BRB configuration is shown in Figure 4.2 and consists of the following key 
components: 
1) The BRB core is a continuous steel element from the bolted connection at one end to the 
bolted connection at the other end. As the brace deforms, the core yields in tension or 
compression and dissipates energy. 
2) The inner tube is nominally unstressed and provides lateral buckling restraint for the 
BRB core. Grout is placed between the inner tube and the steel core, with a bond break 
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and a small gap provided between the core and the grout to allow for uninhibited axial 
movement of the steel core. 
3) The middle tube is welded to the left end of the BRB core and remains fixed with respect 
to the left end bolted connection. 
4) The outer tube is welded to the right end of the BRB core and remains fixed with respect 
to the right end bolted connection. 
5) Anchorage plates at each end have cross-shaped slots through which the BRB core 
passes. The anchorage plates are not connected to the BRB core or to the tubes, allowing 
them to slide freely along the BRB core. 
6) Superelastic NiTi SMA rods are pre-tensioned, clamping the anchorage plates against the 
middle and outer tubes, creating an initial compression in these two tubes. 
 
Figure 4.2: SC-BRB components 
4.2 SC-BRB MECHANICS 
The middle and outer tubes act as struts that push the anchorage plates apart as the brace 
deforms. As shown in Figure 4.3, both compression and tension brace forces cause the anchorage 
plates to move apart, resulting in additional SMA elongation and increasing self-centering force. 
The BRB core dissipates energy as it yields in tension and compression. The SMA pretension is 
(1) Steel BRB core 
(6) SMA rods 
(3) Middle tube (HSS 9x9x3/8) 
(4) Outer tube (HSS 14x14x1/2) 
(2) Inner tube (HSS 7x7x3/8) 
(5) Anchorage plates 
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selected to overcome the BRB yield force, including strain hardening, and thus produces self-
centering. 
 
Figure 4.3: SC-BRB mechanics (a) SC-BRB in compression with gap opening at right end; (b) SC-BRB in tension with 
gap opening at left end 
4.3 PRELIMINARY DESIGN 
Two half-scale SC-BRB specimens were designed based on a prototype building found in 
the 2006 IBC Structural/Seismic Design Manual (Structural Engineers Association of California 
and International Code Council 2006). The structure was originally designed using BRBs, which 
were replaced with SC-BRBs for the present research. The required strengths of the SC-BRBs 
were assumed to be identical to the required strengths of the BRBs for the purposes of the 
preliminary design. This implies that the system-level design parameters for a self-centering 
buckling-restrained braced frame (SC-BRBF), such as the response modification coefficient R, 
the deflection amplification factor Cd, and the system overstrength factor Ω0, are the same as for 
a standard buckling-restrained braced frame (BRBF), and that the elastic properties of the SC-
BRBs are similar to the elastic properties of BRBs with corresponding design strengths. Further 
study of appropriate system-level design parameters for SC-BRBFs is needed, but the 
assumptions stated above are an appropriate starting point that allow for development of initial 
SC-BRB prototypes. A summary of the key design parameters for the prototype frame is shown 
in Table 4.1, and the prototype braced frame is shown in Figure 4.4, along with the required 
brace forces and column and beam sizes. 
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Table 4.1: Summary of key design parameters for prototype braced frame (SEAOC/ICC 2006) 
Floor Story Height (ft) 
Braced Bay 
Width (ft) 
Brace Design 
Force (kip) 
Brace Design 
Yield Deflection 
(in.) 
Brace Maximum 
Tested 
Deflection (in.) 
1 14 15 534 0.2 2.0 
2 12 15 461 0.2 2.0 
3 12 15 395 0.2 2.0 
4 12 15 294 0.2 2.0 
5 12 15 149 0.2 2.0 
 
 
Figure 4.4: Prototype braced frame with member loads (Structural Engineers Association of California and International 
Code Council 2006) 
The total strength of the SC-BRB is a combination of the strength of the steel BRB core, 
and pretension force in the shape memory alloy rods. The self-centering force for the brace is 
provided largely by the stress locked into the SMA rods during the initial pre-tensioning process. 
Therefore, the initial force in the SMA must be proportioned so that it can overcome the yield 
force of the strain-hardened steel BRB core. The following section outlines the steps taken to 
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determine the initial sizing of the SC-BRB test specimens, based on the demand estimated for the 
first floor brace in the prototype building. 
            (Equation 4.1) 
           
  
   
⁄  
       
  
⁄          
(Equation 4.2) 
where SF is the scale factor used for the test specimen, and           is the scaled 
demand on the entire SC-BRB.. The design capacity of the SC-BRB can be calculated as 
follows: 
                          
                          
(Equation 4.3) 
where Fysc is the yield strength of the steel BRB core, Asc is the area of the steel BRB 
core, Fi-SMA is the initial prestress on the SMA, and ASMA is the total area of the SMA rods. Given 
that the initial pretension force must be strong enough to overcome the yield force of the strain-
hardened BRB core, the following condition must also be met using the adjusted brace strength 
given in the AISC Seismic Provisions (2005): 
                               (Equation 4.4) 
Where β is the compression strength factor and ω is the strain hardening adjustment 
factor for the BRB core. Because coupon tests will be performed using the core steel material, 
the Ry factor may be omitted from the adjusted brace strength equation. Therefore, by 
substituting (Equation 4.4) into (Equation 4.3), it is possible to determine the required area for 
the BRB core as follows: 
 
    
  
     (    )
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(Equation 4.5) 
Ideally, the prestress level is chosen at a point on the SMA stress-strain curve that is 
lower than the lower strength plateau. Based on the SMA characterization study reported earlier 
in this thesis, a prestress level of 29 ksi was chosen as the design prestress. Therefore, using 
(Equation 4.4) the required SMA area can be calculated as follows: 
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(Equation 4.6) 
After completing the calculations shown above, and pricing the necessary materials, it 
was determined that fabricating a brace to meet the first floor load in the prototype frame would 
be too costly for this initial exploration. Therefore, the brace was designed based on available 
materials, and the effects of scaling the different SC-BRB components can be examined using an 
analytical model validated using the experimental specimens. 
The largest stock SMA rods available at a reasonable cost have a diameter of 1.27 in. 
Based on the testing summarized in Chapter 2, it was determined that the gage region of the 
SMA rods could be machined down to diameter of 0.85 in without causing undesirable stress 
concentrations in the threaded end portions of the rods. Therefore, using 4 rods in the design, the 
total area of SMA is 2.27 in
2
. The design procedure outlined above was used in reverse to 
determine the BRB core area using the maximum adjusted brace strength which could be 
overcome by the SMA. Solving for Asc in (Equation 4.4) gives: 
 
    
          
      
 
 
                 
                
 
         
(Equation 4.7) 
Therefore, the planned core size was 1.75 in. x 0.625 in., and thus Asc = 1.09 in
2
. The SC-
BRB design force can then be determined using (Equation 4.3): 
                       
                                          
          
(Equation 4.8) 
Scaling this force to the full size results in a brace capacity of 381 kip, which is between 
the demands of the 3
rd
 and 4
th
 floor braces of the prototype structure. Once the SMA material 
tests were completed, further sizing studies were performed and it was seen that the cyclic 
residual strain accumulation in the SMA has a noticeable effect on the self-centering behavior, 
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although the residual strain in the SMA is small. Using data collected from cyclic testing of 
separate steel and SMA specimens, an approximate model of the SC-BRB response was 
constructed. Using (Equation 4.3), the response of the brace was estimated based on the strain in 
the core experiencing two cycles at 3.3% strain. The brace force, along with the SMA and BRB 
core forces, is shown in Figure 4.5. According to this model, the brace will not fully self-center. 
Therefore, the area of the core was reduced to increase the self-centering force to core yield force 
ratio. 
 
Figure 4.5: Force-deformation response of SC-BRB model using Asc = 1.09 in
2 
The final design of the SC-BRB has a steel core that is 1.5 in. x 0.5 in. through the 
yielding region, with a cross-sectional area of Asc = 0.75 in
2
. Using the same model as above, the 
predicted force-deformation curve for the updated model is shown in Figure 4.6. This brace has a 
design force of PSC-BRB = 86.2 kip based on the framework presented above. 
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Figure 4.6: Force-deformation response of SC-BRB model using Asc = 0.75 in
2 
The confining tube of the SC-BRB needs to provide adequate strength to prevent global 
buckling of the BRB core. According to the AISC Seismic Provisions, the confining tube is not 
permitted to buckle under deformations equivalent to 2% story drift or less. Therefore, the 
adjusted brace strength can be used to estimate the maximum force the brace will experience 
under such conditions. The adjusted brace strength, Padj-BRB, is calculated using (Equation 4.4), 
giving a value of Padj-BRB = 48.6 kip. With an effective length of 84.5 in., the smallest HSS tube 
to meet this requirement is an HSS 2-1/2x2-1/2x5/16. However, to improve workability and 
allow for stiffeners attached to the core, the tube size was increased to an HSS 7x7x3/8 tube with 
an axial compression strength of 386 kip. 
When the brace is in compression, the middle and outer tubes transfer the full tension 
force in the SMA rods to each end of the brace. Therefore, they must be sized to prevent 
buckling under the maximum load expected on the SMA. Based on the upper plateau strength 
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and strain hardening seen during the SMA material tests, the maximum expected stress in the 
SMA is approximately 65 ksi. Therefore, the maximum force in the SMA is: 
                                 
          (Equation 4.9) 
With an effective length of 101.5 in, the smallest tube that meets the requirement is an 
HSS 8x8x3/16 tube. However, to provide additional clearance around the inner tube and to 
accommodate the possibility of larger SMA rods, an HSS 9x9x3/8 tube with an axial 
compression capacity of 511 kip was used. The outer tube was sized to meet the same strength 
requirement and also to provide adequate clearance for the SMA rods. An HSS 14x14x1/2 tube 
with an axial compression capacity of 1106 kip was used. 
4.4 SC-BRB COMPONENT DETAILS 
4.4.1 SC-BRB core 
The steel core was fabricated using a continuous piece of A36 steel with a uniform 
thickness of 0.5 in. The stiffeners were also 0.5 in. thick A36 steel and were welded to the core 
plate. The dimensions of the SC-BRB core are shown in Figure 4.7. For the second specimen, the 
width of the core yielding region was reduced from 1.5 in. to 1.4 in. 
 
Figure 4.7: SC-BRB steel core dimensions 
4.4.2 Inner tube 
The inner confining tube of the SC-BRB is identical to the tube used for the baseline 
BRB specimen. It was fabricated from two pieces cut from an HSS 7x9x3/8 tube of A500 Grade 
B steel. The dimensions of the tube are shown in Figure 4.8. 
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Figure 4.8: SC-BRB inner tube dimensions, exploded view 
4.4.3 Middle tube 
The middle tube consists of an HSS 9x9x3/8 tube of A500 Grade B steel. It was slotted at 
one end to allow the tube to slide freely past the stiffener plates on the SC-BRB core. The 
dimensions of the tube are shown in Figure 4.9.  
 
Figure 4.9: SC-BRB middle tube dimensions 
4.4.4 Outer tube 
The outer tube consists of an HSS 14x14x1/2 tube of A500 Grade B steel. The 
dimensions of the tube are shown in Figure 4.10. 
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Figure 4.10: SC-BRB outer tube dimensions 
4.4.5 Shape Memory Alloy rods 
The SMA rods used for both test specimens were machined from the same stock material. 
The rods are comprised of nickel titanium alloy containing 55.88% nickel and 44.12% titanium, 
and have an austenite finish temperature, Af, of -12 to -9 °C. They were formed using a hot 
rolling process and were delivered without any further annealing. The rods are 47.7 in. long with 
a gage region that has a diameter of 0.85 in. and a length of 42 in. Each end has threads with a 
pitch of 12 threads/in. The length of the threads is 1.5 in. at End 1 and 2.0 in. at End 2. The 
dimensions of the SMA rods are shown in Figure 4.11 and the stress-strain response is presented 
in Chapter 2. 
 
Figure 4.11: SC-BRB SMA rod dimensions 
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4.4.6 Anchorage plates 
The anchorage plates were fabricated using 1.0 in. thick A36 steel plate. The openings 
were cut using water jet technology. The anchorage plates slide freely over the ends of the SC-
BRB core. Therefore, the two plates have different sized openings corresponding to the 
differences between the two ends of the brace core. The anchorage plates were enlarged for the 
second specimen due to problems experienced during testing of the first specimen. Stiffeners 
were also added to further strengthen the anchorage plates. The dimensions of the anchorage 
plates used on the second specimen are shown in Figure 4.12. 
 
Figure 4.12: SC-BRB anchorage plate dimensions 
4.4.7 Confinement material 
A 3000 psi concrete mix was designed in accordance with ACI 211.1-91 (American 
Concrete Institute 2001). To allow the mixture to adequately flow between the confining tube 
and the steel core, the maximum aggregate size was limited to 3/8 in., and ADVA Cast 530 
superplasticizer was added during mixing. Type III Portland cement was used in the design to 
reduce the time needed for the concrete to reach full compressive strength. Three cylinders were 
tested at the time of each SC-BRB test, and the average compressive strength was 4174 psi for 
SC-BRB-1 and 3510 psi for SC-BRB-2. 
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4.4.8 SC-BRB core steel material properties 
Three tensile coupons were fabricated using the excess steel plate used for each SC-BRB 
specimen. The coupons had a cross-section measuring 1.5 in. x 0.5 in., and a gage length of 8.0 
in. and were proportioned in accordance with ASTM E8 (2009). Each tensile coupon was fitted 
with two extensometers, one with a travel length of +/- 0.2 in., used to measure the elastic 
deformation, and another with a travel length of 4.0 in., used to measure the post-yield 
deformation. The specimens were tested using a monotonic quasistatic load, with an initial 
loading rate of 0.08 in./min. Once yielding began, the rate was increased to 0.30 in./min until the 
specimen fractured. 
The yield strength for the SC-BRB-1 tensile coupons was measured using the static yield 
stress according to the Structural Stability Research Council (SSRC) Technical Memorandum 
No. 8 (Galambos 1998) where the test was paused for three times during the initial yielding 
phase. Since the SC-BRB-2 specimens did not exhibit well-defined yield plateau, the yield 
strength was determined using the offset method described in ASTM E8 with a 0.2% offset. The 
uniform elongation in all specimens was measured according to section 7.9 of ASTM E8 (2009). 
4.4.8.1 SC-BRB-1 tensile coupons 
The stress-strain curves for the tensile coupons from SC-BRB-1 are shown in Figure 
4.13. The test results are summarized in Table 4.2 
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Figure 4.13: Stress-strain curves for SC-BRB-1 core steel tensile coupons 
Table 4.2: Summary of SC-BRB-1 core steel material properties 
Specimen Fy (ksi) Fu (ksi) Uniform ε (%) ε at fracture (%) 
SC-BRB-1-1 55.14 69.08 15.13 24.55 
SC-BRB-1-2 53.73 69.39 15.84 25.93 
SC-BRB-1-3 53.84 69.40 15.43 26.75 
Average 54.237 69.29 15.47 25.74 
4.4.8.2 SC-BRB-2 tensile coupons 
The stress-strain curves for the tensile coupons from SC-BRB-2 are shown in Figure 
4.14. The test results are summarized in Table 4.3. 
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Figure 4.14: Stress-strain curves for SC-BRB-2 core steel tensile coupons 
Table 4.3: Summary of SC-BRB-2 core steel material properties 
Specimen Fy (ksi) Fu (ksi) Uniform ε (%) ε at fracture (%) 
SC-BRB-2-1 44.49 66.32 16.48 26.77 
SC-BRB-2-2 44.43 67.15 16.42 28.09 
SC-BRB-2-3 44.08 66.56 16.21 27.12 
Average 44.33 66.68 16.37 27.33 
4.5 SC-BRB FABRICATION 
The two SC-BRB test specimens were fabricated in the Newmark Structural Engineering 
Laboratory (NSEL) at the University of Illinois at Urbana-Champaign. Work on the second 
specimen was postponed until the completion of testing of the first specimen to allow for 
modifications to be made based on the test results. Where differences exist between the two 
specimens or the fabrication steps, they will be noted. Otherwise, the process of fabricating the 
two specimens was identical for both. 
The SC-BRB core plate and stiffeners were cut using water jet technology. After welding 
the stiffeners to the SC-BRB core, four high-elongation strain gages were attached to the steel 
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core. The gages were YEFLA-5-11-5LT gages purchased from Texas Measurements, Inc., and 
were affixed with CN-Y cyanoacrylate adhesive. All four gages were then coated with Vishay 
M-Coat C for protection. The lead wires for the gages were routed along the edge of the SC-BRB 
core and all out to the same end. Figure 4.15 shows a typical gage on the SC-BRB core. 
 
Figure 4.15: YEFLA-5-11-5LT strain gage affixed to the SC-BRB core 
For the steel core to compress freely, compressible foam blocks were attached to the 
transition regions of the core to create voids in the confining concrete. The blocks were sized to 
accommodate a maximum compression of 4 in., and were cut from ½ in. polyethylene foam with 
a compressive strength of 4-8 psi. The blocks were attached to the steel core using double-sided 
tape. In addition to the blocks at the transition regions, 1/8 in. thick strips of foam were placed 
along the edges of the core yielding region to create a void to allow for Poisson’s expansion. The 
foam spacers are shown in Figure 4.16. 
 
Figure 4.16: SC-BRB core with foam spacers 
To eliminate the problem of steel-grout bonding seen in the baseline BRB test, the SC-
BRB core was coated with Rexco Partall Paste #2, a commercial wax mold release. The entire 
core was then wrapped in virgin electrical grade Teflon PTFE. Sheets 0.005 in. thick and 12 in. 
wide were cut, wrapped around the core, and secured using tape. Four layers of PTFE film were 
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used to provide adequate protection and debonding. A copious amount of tape was used to 
ensure that all seams in the PTFE were sealed. The final wrapped specimen is shown in Figure 
4.17. 
 
(a) 
  
(b) (c) 
Figure 4.17: SC-BRB core wrapped in Teflon PTFE (a) full brace; (b) close up of left end; (c) close up of right end 
The inner confining tube was assembled and welded to the core at one end, preventing it 
from sliding out of place. To prevent damage to the Teflon wrapping due to the heat of welding, 
the seam between the tube halves was only welded partially at this point in the fabrication 
process. A steel end cap was fabricated and attached to the free end of the tube, allowing for the 
core to pass through as it deformed. The capped end and tube seams were temporarily sealed 
with silicone to accommodate the placement of the confining material. The confining tube 
assembly process is shown in Figure 4.18. 
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Figure 4.18: SC-BRB confining tube assembly 
The entire SC-BRB assembly was hung vertically in the lab, and the confining tube was 
filled with grout. The grout was mixed in one large batch, and placed using a funnel and tube to 
prevent air voids from forming in the mixture as it was placed. A set of three 3 in. x 6 in. 
cylinders was also made for each specimen to use for testing the compressive strength of the 
confining grout. The specimen was left in the vertical position for 24 hours to allow for the grout 
to fully set before the fabrication process continued. The test cylinders were placed in a 
controlled humidity environment to cure. 
The remainder of the seam along the tube was welded to ensure that the tube could 
develop its full elastic buckling strength. The silicone sealant was removed to ensure that the SC-
BRB core could move freely past the end plate attached to the confining tube. Twelve FLA-5-11-
5LT strain gages from Texas Measurements were affixed to the confining tube using Vishay M-
Bond 200 adhesive. The lead wires for the gages were bundled together to prepare for the 
installation of the middle tube. 
The middle tube was positioned vertically in the lab, and the entire BRB core component 
was lifted with a crane and lowered into the tube. While the BRB was lowered into place, the 
strain gage wires were fed through holes drilled in the middle tube. When the middle tube was 
aligned with the SC-BRB core, it was welded into place along the stabilizer fins at one end. Each 
weld was 5/16 in. wide and had an effective length of 3.125 in. The calculated strength of the 
total welded connection was 174 kip. 
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(a) (b) (c) 
Figure 4.19: Inserting BRB component into middle tube (a) initial alignment; (b) lowering the BRB; (c) middle tube 
aligned and welded 
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Figure 4.20 shows the end caps that were welded inside the middle tube to seal the open 
end of the confining tube containing the grout. The middle tube was then sanded and painted 
orange to provide contrast to highlight the gap openings during the test. Eight FLA-5-11-5LT 
strain gages were affixed to the middle tube using Vishay M-Bond 200 adhesive. The lead wires 
for the strain gages were bundled along with the wires protruding through the holes in the middle 
tube to prepare for the installation of the outer tube. 
  
(a) (b) 
Figure 4.20: SC-BRB confining tube end caps (a) prior to installation; (b) after installation 
Because there is no support for the outer tube at the non-welded end, a set of shims was 
developed to provide support to the outer tube when the brace was in the horizontal position. 
Four steel blocks were mounted to the inside of the outer tube with a sheet of 1/16 in. thick 
Teflon glued to the exposed end. A larger sheet of 1/16 in. thick Teflon was glued to the end of 
the middle tube where the shims make contact. The Teflon sheets were installed to minimize the 
friction between the shims and tube. Figure 4.21 shows the shims as seen during the outer tube 
installation process. 
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(a) (b) 
Figure 4.21: Outer tube supports (a) Teflon sheets on middle tube; (b) Teflon-coated steel shims welded to outer tube 
Similar to installation of the middle tube, the outer tube was placed vertically and the SC-
BRB assembly was lowered inside. Again, the strain gage wires were passed through holes in the 
outer tube while the assembly was lowered. Once the outer tube was properly aligned, the tube 
was welded to the SC-BRB core stabilizers. Each weld was 5/16 in. wide and had an effective 
length of 3.125 in. The calculated strength of the total welded connection was 174 kip. 
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(a) (b) (c) 
Figure 4.22: SC-BRB outer tube installation (a) initial alignment; (b) lowering the SC-BRB assembly; (c) outer tube 
aligned and welded 
After attaching the outer tube to the BRB core, angles were welded to the outer tube to be 
used as reaction points for the SMA pre-tensioning system. The outer tube was sanded, primed, 
and painted blue to contrast with the middle tube, making the gap openings easier to see during 
the test. Eight FLA-5-11-5LT strain gages were affixed to the outer tube using Vishay M-Bond 
200 adhesive. The lead wires for the strain gages were bundled along with the wires protruding 
through the holes in the outer tube and arranged along one side of the tube to simplify further 
handling of the brace. Figure 4.23 shows the painted outer tube with the strain gages and angles 
attached. Note also that the connection region of this specimen was painted. It was decided not to 
paint this region on the second specimen. 
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Figure 4.23: SC-BRB with painted outer tube, strain gages, and pre-tension support angles 
The shape memory alloy rods were fabricated in parallel with the rest of the SC-BRB 
specimen fabrication. Each bar was cut to length and machined on a lathe using carbide tooling 
and coolant as recommended by the SMA manufacturer. Figure 4.24a shows the SMA in the 
machining process. Once the gage regions were machined down to a diameter of 0.85 in., the 
rods were sent to be heat treated. Each bar was annealed at 375 °C for 60 minutes, as determined 
by the material study summarized in Chapter 2. Each bar was placed in a custom-built fixture to 
prevent warping during the annealing process. The fixture is shown in Figure 4.24b. When the 
rods were returned from the heat treatment facility, the ends were threaded as described in 
section 4.4.5. Four YEFLA-5-11-5LT strain gages were affixed to each SMA rod using Vishay 
M-Bond AE-10 adhesive. The lead wires from all four gages were bundled together to facilitate 
placement of the SMA rods in the SC-BRB. 
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(a) (b) 
Figure 4.24: SMA fabrication (a) machining the rods on the lathe; (b) fixture used to prevent warping during heat 
treatment 
To reduce material costs, the SMA rods do not span the entire length of the SC-BRB. The 
additional length was provided by 1.25 in. diameter Grade B7 steel threaded rods attached to the 
SMA using 3 in. coupling nuts. The SMA and threaded rods were coupled together and fed 
through the space between the middle and outer tubes, taking care not to damage the strain gages 
affixed to the SMA or the threads on the steel rods. After positioning the SMA/threaded rod 
assemblies, the anchorage plates were fitted over their respective ends of the SC-BRB core. At 
the end where the SMA rods were located, four 50 kip load cells were installed between the 
anchorage plate and the heavy hex nuts that secure the SMA, one for each bar. At the opposite 
end, the threaded rods were secured with washers and heavy hex nuts directly against the 
anchorage plate. The assembled SC-BRB is shown in Figure 4.25. 
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(a) (b) 
Figure 4.25: Assembled SC-BRB (a) load cells on SMA rods (b) threaded steel rods at opposite end 
Coupling nuts were welded to the SC-BRB core to mount LVDTs that measured the 
displacement between ends of the brace. Additional LVDTs were mounted to the end plates and 
outer tube using copper weld studs and threaded holes drilled in the specimen. All 
instrumentation was wired up and connected into a National Instruments data acquisition system. 
The instrumentation will be discussed in detail in the next section of this thesis. 
The pretension was applied to the SMA rods using two 30-ton hydraulic jacks. A reaction 
plate was fitted over the SC-BRB core and the threaded rods, and was secured using heavy hex 
nuts. The reaction plate measured 16 in. x 32 in. x 1.5 in. and was fitted with 4 in. x 0.75 in. 
stiffener plates along the long edges. The jacks were placed between the reaction plate and the 
angles welded to the outer tube, and were connected to a hand pump. With the load cells 
reporting the force in the rods, the jacks were used to elongate the rods. When all four rods were 
close to the desired pretension level, the force was locked in by tightening the nuts at the 
anchorage plate. The force in each bar was fine-tuned using a large wrench to turn the nuts, until 
each bar had 16.5 kip of pretension. The reaction plate was removed upon completion of the 
pretension process. The pretension system is shown in Figure 4.26. The pretension was applied 
101 
 
immediately before loading the brace into the testing frame to minimize any potential relaxation 
in the rods prior to the test. After the SMA rods were pretensioned, their forces were stable over 
the short observation window prior to testing. Further study of long-term SMA relaxation is an 
important topic related to the viability of SC-BRBs.  
 
Figure 4.26: SC-BRB pretension system 
The SC-BRB was disconnected from the data acquisition system and prepared for 
installation in the testing frame. The instrumentation wiring was bundled and secured to the outer 
tube to protect it during handling. The SC-BRB specimen was fitted with a set of fixtures that 
mated the bolted end connections of the SC-BRB with the testing machine grips. For the first 
specimen, the fixtures were bolted to the SC-BRB using A325 bolts and 17 in. x 4 in. steel 
connector plates. The A325 bolts were replaced with A490 bolts for the second specimen. The 
ends of the fixtures were threaded to accept the steel cylinders which are gripped by the testing 
machine. The grip components are shown in Figure 4.27.  
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(a) (b) 
Figure 4.27: SC-BRB connection fixture system (a) connection fixture w/ threaded cylinder; (b) bolted grip connection 
plates 
The SC-BRB specimen was lifted into the testing frame using a crane and forklift, as 
shown in Figure 4.28. Temporary plates were clamped to the outer tube to provide a means for 
the forklift to grip the specimen. Once the specimen was secured in the test frame, LVDTs with 
extension rods spanning the length of the brace were installed and all instrumentation was 
reconnected to the data acquisition system. Lights and cameras were placed to record the test, 
and a console was set up to control the test. The final setup is shown in Figure 4.29. 
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(a) (b) (c) 
Figure 4.28: Loading the SC-BRB into the test frame (a) lifting the specimen with the crane; (b) aligning the specimen 
with the forklift; (c) fitting the grip into the crosshead 
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(b) 
 
(c) 
 
(a) (d) 
Figure 4.29: SC-BRB testing setup (a) specimen in testing frame; (b) testing frame controller; (c) data acquisition system; 
(d) testing control console 
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4.6 INSTRUMENTATION 
4.6.1 Strain gages 
A total of 48 linear strain gages were affixed to various components of each SC-BRB 
specimen. Two types of gages were used, FLA-5-11-5LT and YEFLA-5-11-5LT gages from 
Texas Measurements. The properties of the strain gages are summarized in Table 4.4. All gages 
were shipped with 5 m lead wires preattached. 
Table 4.4: Strain gage properties 
Gage type Gage length (mm) Gage factor Coefficient of 
thermal expansion 
(x10-6/°C) 
Resistance 
(ohm) 
Maximum strain 
(%) 
FLA-5-11-5LT 5 2.11 11.8 120 3-5 
YEFLA-5-11-5LT 5 2.14 11.8 120 10-20 
The FLA-5-11-5LT gages were used to measure the strain in the confining tube, middle 
tube, and outer tube. These gages were attached using Vishay M-Bond 200 adhesive. Two gages 
were mounted to each side of the each tube along the center axis, except in the case of the 
confining tube where the weld seam ran along the center axis. On the sides of the confining tube 
where the weld seam conflicted with the desired strain gage location, four gages were installed in 
two pairs straddling the weld seam. The layout of strain gages on the tubes is shown in Figure 
4.30. A total of eight gages were installed on the middle and outer tubes, and twelve gages were 
installed on the confining tube. 
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Figure 4.30: Arrangement of strain gages attached to SC-BRB tubes 
The YEFLA-5-11-5LT gages were chosen to measure strain in the SC-BRB core and the 
SMA rods, because they have higher elongation capacity. Four gages were attached to the SC-
BRB core using CN-Y cyanoacrylate adhesive. The gages were coated with M-Coat C for 
protection. Four gages were installed on each SMA rod using Vishay M-Bond AE-10. The 
different adhesive was selected because the CN-Y would not adhere to the SMA material. 
Installation of the gages on the SMA required clamping the gages for 24 hours to allow the 
adhesive to cure at room temperature. Gages are attached to each side of each component at the 
points marked in Figure 4.31 
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Figure 4.31: Arrangement of strain gages attached to SC-BRB core and SMA rods 
4.6.2 Load cells 
Four load cells were mounted in the test specimens to measure the force in the SMA rods. 
The load cells were fabricated at NSEL and have a capacity of 100 kip. The load cells were 
connected to the data acquisition system through a Vishay Model 2100 System Multi-Channel 
Signal Conditioner/Amplifier. These load cells were selected because they were the smallest 
available load cells that were compatible with the large diameter SMA rods. Since the range 
significantly exceeds the expected forces in the SMA rods, the gain on the signal conditioner was 
increased, decreasing the measurable range to 50 kip. The load cells were recalibrated using the 
new gain setting. The installed load cells and signal conditioner are shown in Figure 4.32. 
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(a) (b) 
Figure 4.32: Load cells (a) installed on brace; (b) Model 2100 signal conditioner/amplifier 
4.6.3 LVDTs 
A total of 10 LVDTs were mounted to the test specimen. Two Collins LMA-711T64 
LVDTs were mounted to the SC-BRB core using threaded rods attached to coupling nuts that 
were welded to the stabilizer fins. The LVDTs were fitted with aluminum extension rods which 
were anchored to blocks mounted at the opposite end of the SC-BRB core. The LVDTs have a 
travel range of +/- 3.00 in. and are used to measure the overall deformation of the SC-BRB. Two 
HP 7DCDT-3000 LVDTs with a range of +/- 3.00 in. were used to measure the gap opening 
between the middle tube and anchorage plates. The LVDT bodies were mounted in fiberglass 
blocks attached to steel tees welded to the anchorage plates, and the end of each core rod was fed 
through a hole in the anchorage plate and threaded into a plate welded to the inside of the middle 
tube. Two HP 7DCDT-3000 LVDTs were used to measure the gap opening between the outer 
tube and the anchorage plates. The LVDT bodies were mounted in fiberglass blocks attached to 
the outer tube, and the end of each rod was attached to a plate affixed to the anchorage plate. 
Four HP 7DCDT-3000 LVDTs were used to measure the displacement between the two 
anchorage plates. The LVDT bodies were mounted in fiberglass blocks attached to the anchorage 
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plates using copper weld studs. One end of a nylon string was tied to a loop attached to the end 
of each core rod, and the opposite end was tied off on a washer mounted to a copper weld stud 
on the opposite anchorage plate. Elastic bands were strung between each loop on the core rods 
and the fiberglass mounting blocks, to pull the LVDT core rods back to their original position as 
the gap openings closed. Each set of LVDTs is shown in Figure 4.33. 
 
 
(a) (b) 
 
 
 
 (c)  
Figure 4.33: SC-BRB LVDTs (a) anchorage plate displacement (6,5/9), Outer tube gap (3), overall brace displacement (1); 
(b) anchorage plate displacement (7,8), overall brace displacement (2), middle tube gap (adjacent to 2); (c) washers to tie 
off strings attached to anchorage place displacement LVDTs and aluminum block to mount end of LVDT extension rod 
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CHAPTER 5:  SC-BRB EXPERIMENTAL TESTING 
Two half-scale self-centering buckling-restrained brace (SC-BRB) specimens were tested 
at Newmark Structural Engineering Laboratory at the University of Illinois at Urbana-
Champaign. A summary of the key details of each specimen is provided in Table 5.1. 
Table 5.1: SC-BRB specimen properties 
Specimen 
Core 
Area, 
Asc (in
2) 
Core Yield 
Strength, Fysc 
(ksi) 
SMA 
Area, 
ASMA 
(in2) 
SMA Plateau 
Strength, σL 
(ksi) 
SMA 
Pretension, Fi-
SMA (ksi) 
Core 
Yield 
Force, 
Pysc (kip) 
SMA 
Pretension 
Force,  
Pi-SMA 
(kip) 
SC-BRB 
Design 
Force, 
PSC-BRB 
(kip) 
SC-BRB-1 0.75 53.0 2.27 46.4 29 39.8 65.8 95.0 
SC-BRB-2 0.70 44.3 2.27 46.4 29 31.0 65.8 87.2 
5.1 TEST PROTOCOL 
The specimens were tested using a modified version of the BRB testing protocol given in 
the AISC Seismic Provisions (2005). The test protocol consists of two cycles each at Δby, 0.5 
Δbm, 1.0 Δbm, 1.5 Δbm, 2.0 Δbm, 3.0 Δbm, 4.0 Δbm, 5.0 Δbm, 6.0 Δbm, and 7.0 Δbm, where Δby is the 
overall deformation of the brace required to induce yielding of the steel core region of the SC-
BRB, and Δbm is the design story drift. Based on prior research (Bolduc and Tremblay 2004), it 
was decided that Δbm = 5 Δby is an acceptable brace deformation to use as the design story drift. 
To determine the value of Δby, the approximate elastic stiffness of each SC-BRB core region was 
calculated using the cross-sectional area and elastic modulus of the steel, and then the overall 
SC-BRB core stiffness was approximated by adding the sections in series as follows: 
 
   
    
  
 (Equation 5.1) 
 
       
 
∑  
  
 
(Equation 5.2) 
Figure 5.1 shows the different sections considered in calculating the stiffness and Table 
5.2 provides a summary of the stiffness calculations for SC-BRB-2. The overall stiffness was 
calculated to be 330.9 kip/in. 
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Figure 5.1: SC-BRB core regions used to estimate initial stiffness of the specimen 
 
 
Table 5.2: Segments used for initial core stiffness calculations of SC-BRB-2 
Core Segment Length, Li (in.) Area, Ai (in
2) Ai/Li (in.) EiAi/Li (kip/in) 
a 10.2 7.9 0.77 22346 
b 10.7 2.5 0.23 6733 
c 53.7 0.7 0.01 378 
d 26.8 5.9 0.22 6424 
e 10.2 12.6 1.24 35827 
 
Since the test was run in displacement control using the LVDT built into the actuator of 
the testing frame, additional modifications to the testing protocol were necessary to account for 
the stiffness of the testing frame. The exact stiffness of the frame was unknown, so an adjustment 
factor was derived based on stiffness estimates from previous testing records. The adjustment 
factor was then added to the displacements in the loading protocol. However, despite these best 
attempts, the actual measured deformation of the brace turned out to be lower than calculated. 
Two different loading rates were used for each test. The initial loading rate was set so 
that the first cycle would be completed in 120 seconds. This rate was chosen to collect a 
sufficient number of data points during the cycles of small deformation. Beginning with the 
cycle at 1.0 Δbm, the loading rate was doubled to shorten the overall length of the test.  
The deformation data is normalized and presented as a percentage of the gage length of 
the LVDT used to measure the elongation of the brace. As shown in Chapter 4, the LVDTs were 
mounted to the one end of the brace core and anchored to the other end of the brace core using 
aluminum extension rods. The gage length of the LVDTs is 111.6 in., and is the same for both 
specimens tested. The test protocol is summarized in Table 5.3, and a time history of the targeted 
deformation for SC-BRB-2 is shown in Figure 5.2. 
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Table 5.3: Summary of quasistatic cyclic loading protocol for SC-BRB testing with additional cycles for SC-BRB-2 
Δb/Δby Story Drift 
(Δ/Δbm) 
Actuator Deformation 
(in.) 
 Target Brace 
Elongation (%) 
Loading rate (in./sec) Cycle Time (seconds) 
  SC-BRB-
1 
SC-BRB-
2 
SC-BRB-
1 
SC-BRB-
2 
SC-
BRB-1 
SC-
BRB-2 
SC-
BRB-1 
SC-
BRB-2 
1 0.2 0.134 0.108 0.110 0.084 0.0045 0.0036 120 120.0 
2.5 0.5 0.305 0.248 0.275 0.210 0.0045 0.0036 274.3 275.1 
5 1 0.591 0.480 0.550 0.420 0.0089 0.0072 265.4 266.5 
7.5 1.5 0.877 0.712 0.825 0.630 0.0089 0.0072 393.7 395.4 
10 2 1.162 0.944 1.100 0.839 0.0089 0.0072 521.9 524.4 
15 3 1.733 1.408 1.651 1.259 0.0089 0.0072 778.4 782.2 
20 4 2.304 1.872 2.201 1.679 0.0089 0.0072 1034.9 1040.1 
25 5  2.335  2.099  0.0072  1296.8 
30 6  2.797  2.518  0.0072  1553.6 
35 7  3.259  2.938  0.0072  1810.4 
 
 
 
Figure 5.2: Target quasistatic cyclic loading protocol for SC-BRB-2 
5.2 SC-BRB-1 RESULTS 
SC-BRB-1 was subjected to the full loading protocol without failure or loss of load 
carrying capacity. Figure 5.3 shows the axial force-deformation response of SC-BRB-1. 
Although the general flag-shaped response that is characteristic of self-centering behavior is 
observed, full self-centering behavior (distinguished by near zero elongation when the load is 
removed after the peak elongation) was not achieved due to the BRB core overstrength. 
However, the type of hysteretic behavior shown in Figure 5.3 has been shown in computational 
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studies to reliably reduce residual drifts due to large earthquakes to near zero values (M. R. 
Eatherton and Hajjar 2011). The brace behaved as expected in terms of the distribution of 
internal forces and thus validated the proportioning procedures described in Chapter 4: . 
 
Figure 5.3: Force-deformation response of SC-BRB-1 
Figure 5.4 shows component axial forces within the brace plotted against overall brace 
deformation. The average force in the middle and outer tube was calculated using strain data 
collected from gages attached to the tubes, whereas the force in the SMA rods was measured 
directly using load cells. The core force was calculated by subtracting the component forces in 
the tubes and SMA from the overall brace force measured by the testing frame load cell. The plot 
shows that the SMA was only subjected to tensile forces regardless of whether the brace was 
shortening or elongating, while the tubes were only subjected to compressive forces when the 
brace was in a state of net compression. These forces in the middle and outer tubes were equal, 
which is reflected in Figure 5.4 where the tube force histories are essentially overlaid. It can be 
seen that the force in the SMA dropped below the yield force of the SC-BRB core by the end of 
the test, reducing the ability of the brace to exhibit full self-centering. Furthermore, this plot 
shows that the force in the SMA rods at zero brace deformation gradually diminished. This 
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behavior is due to increasing SMA residual elongation, which although small, still has a 
significant effect on the brace behavior. 
  
Figure 5.4: Component forces for SC-BRB-1 
During the early cycles of testing, the anchorage plate near the fixed end of the outer tube 
began yielding when the brace was in compression. As a result of this problem, the brace 
exhibited a change in stiffness at the end of the compression cycles. The test was stopped and 
stiffeners were added to prevent additional yielding of the anchorage plate. After repairing the 
specimen, single cycles targeted at 1Δby, 2.5 Δby, 5 Δby, and 10 Δby were repeated to confirm 
the success of the added stiffeners, followed by the completion of the original testing protocol. 
For clarity in discussing the test results, the two sections of the testing of SC-BRB-1 will be 
referred to as tests SC-BRB-1A and SC-BRB-1B. Occasional slip within the bolted connections 
occurred at higher force, accounting for the temporary sharp drops in force shown in the 
hysteresis curve of Figure 5.3. However, the brace quickly regained the prior force level and the 
slippage did not have any lasting effect on the load carrying capacity. The force-deformation 
plots from SC-BRB-1-A and SC-BRB-1-B are shown below in Figure 5.5 and Figure 5.6. 
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Figure 5.5: Force-deformation response of SC-BRB-1-A 
 
Figure 5.6: Force-deformation response of SC-BRB-1-B 
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Since the strain gages affixed to the SMA rods did not provide reliable data at large 
deformation cycles, the strain in each SMA rod was calculated using the displacement measured 
between the anchorage plates and the force measured in the load cells. The elastic deformation of 
the threaded rod and load cell was subtracted from the displacement measurement to arrive at the 
deformation in the SMA rods, and the gage length of the rods was used to calculate the strain. 
The cumulative strain for each rod was calculated by adding the peak strain measured at each 
cycle, and summing over all cycles of the test. The average cumulative strain among all four rods 
was then calculated. For SC-BRB-1-A the average cumulative strain is 8.96%, and the peak 
strain measured in any of the bars was 1.7 %. For SC-BRB-B, the average cumulative strain is 
27.31%, and the peak strain measured in any of the bars was 3.7%.  
The cumulative plastic deformation in the core was 34.9 in. which equates to 306 times 
the yield deformation of the core. The maximum deformation imposed on SC-BRB-1 was 14.2Δy 
in tension and 15.5Δy in compression. During the final cycle of the test, the energy dissipated by 
the brace, calculated by measuring the area within the hysteresis curve, was 430.4 kip-in, and the 
total energy dissipated over the full test protocol was 2318 kip-in. At a maximum elongation of 
1.46% of the overall brace length, the equivalent viscous damping ratio for SC-BRB-1 was 
24.7%.  
5.3 SC-BRB-2 RESULTS 
SC-BRB-2 was subjected to the full loading protocol without failure, loss of load 
carrying capacity, or significant loss in self-centering ability. Figure 5.7 shows the axial force-
deformation response of SC-BRB-2. Compared to SC-BRB-1, which had a Pi-SMA/Pysc ratio of 
1.66, the hysteretic behavior of SC-BRB-2 was closer to full self-centering, owing to the reduced 
core area and lower yield stress of the core steel which increased the Pi-SMA/Pysc ratio to 2.27. In 
addition, the response exhibited no spikes related to bolt slip and more symmetrical component 
behavior as the anchorage plate yielding that occurred in the SC-BRB-1 test was mitigated. The 
inconsistencies in the deformation response at the peak negative deformation were due to an 
instrumentation problem. Owing to a lack of clearance, the external transducer measuring axial 
deformation temporarily produced erroneous data and required remounting. 
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Figure 5.7: Force-deformation response of SC-BRB-2 
Figure 5.8 shows component axial forces within the SC-BRB-2 plotted against overall 
deformation. As with the previous specimen, the plot shows that the SMA was only subjected to 
tensile forces regardless of whether the brace is shortening or elongating, while the tubes were 
only subjected to compressive forces when the brace was in a state of net compression. The 
forces in the middle and outer tube were equal as expected. Again, the force in the SMA 
eventually dropped below the yield force of the SC-BRB core due to accumulation of residual 
strain in the SMA, reducing the self-centering ability of the brace. However, the loss of SMA 
pretension force did not drop as significantly as was seen with the previous specimen, possibly 
due to the lower cumulative strain imposed on the rods. 
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Figure 5.8: Component force for SC-BRB-2 
After completing the full loading protocol shown in Figure 5.2, SC-BRB-2 was subjected 
to additional increasing displacement cycles up to 2.0 % elongation. The axial force-deformation 
response of the full SC-BRB-2 test is shown in Figure 5.9. At a deformation of 1.6% in 
compression, the load on the brace dropped by 7%. During the subsequent cycle at the same 
deformation level, the load was 15% lower, and it is believed that the core fractured due to low-
cycle fatigue shortly after the peak compression point. Full disassembly was conducted to 
investigate the condition of the SC-BRB core and will be discussed later in this thesis. 
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Figure 5.9: Complete force-deformation response of SC-BRB-2 
An additional cycle of testing was attempted, but the welds between the middle tube and 
the SC-BRB core failed at an elongation of 2.4% of the overall brace length, leaving the brace 
inoperable. The total force in brace at the time of failure was 179.3 kip and the force in the SMA 
was 170.4 kip. Because the core had fractured, the entire brace load was being carried by the 
SMA rods, eventually overloading the welds anchoring the middle tube to the core. Thus, these 
welds must be designed to carry the total SMA force such that the brace will still function after 
BRB core fracture. 
The average cumulative strain in the SMA bars after the initial loading protocol was 
complete was 35.4 %, and the peak strain in any of the bars was 3.5 %. The cumulative 
deformation in the SC-BRB core was 25.6 in., which equates to 278 times the yield deformation 
of the core. The maximum deformation imposed on the brace core was 16.5 Δy in tension and 
15.6 Δy in compression. During the final cycle of the initial test protocol, the energy dissipated 
was 313.6 kip-in, and the total energy dissipated over the full test protocol was 1460 kip-in. The 
equivalent viscous damping ratio at an elongation 1.36% of the overall brace length was 20.6 %. 
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With the additional cycles at higher deformation, the final average cumulative strain in 
the SMA bars was 70.4%, and the peak strain in any of the bars was 5.0%. The total cumulative 
deformation in the SC-BRB core was 53.0 in. which equates to 575 times the yield deformation 
of the core. The maximum deformation imposed on the brace core was 24.0Δy in tension and 
23.6Δy in compression. The energy dissipated in the final cycle of the SC-BRB-2 test was 504.5 
kip-in, and the total energy dissipated during the complete testing of SC-BRB-2 was 3344 kip-in. 
The equivalent viscous damping ratio for SC-BRB-2 at the maximum elongation of 1.98% of the 
brace overall brace length was 21.4%. 
5.4 SPECIMEN COMPARISONS 
Table 5.4 provides a summary of the key results for the two SC-BRB specimens. The 
results show that SC-BRB-1 exhibits higher maximum forces both in tension and compression 
due to reductions made in area and yield strength of the SC-BRB core in the second specimen to 
improve self-centering ability. 
Table 5.4: Summary of SC-BRB test results at end of initial testing period 
Specimen Maximum 
Brace 
Elongation 
(% length) 
Maximum 
Tension 
Force 
(kip) 
Maximum 
Compression 
Force 
(kip) 
Cumulative 
SMA Strain 
(%) 
Maximum 
SMA 
Strain 
(%) 
BRB 
Cumulative 
Plastic 
Deformation 
(Δ/Δy) 
Maximum 
BRB 
Ductility 
Demand 
(Δ/Δy) 
Cumulative 
Energy 
Dissipation 
(kip-in) 
Equivalent 
Viscous 
Damping 
(%)  
SC-BRB-
1 
1.46 170.2 195.6 36.3 3.7 306 15.9 2318 24.7 
SC-BRB-
2 
1.36 159.7 179.7 35.4 3.5 278 16.5 1460 20.6 
Figure 5.10 shows the energy dissipation as a function of brace elongation. In general, 
SC-BRB-1 has a slightly higher energy dissipation capacity at a given elongation than SC-BRB-
2 due to the larger core area. However, the energy dissipation is lower in the first four cycles of 
SC-BRB-1-B since only one cycle was run at each displacement level during the portion of the 
SC-BRB-1-B protocol that overlapped with SC-BRB-1-A. When the cumulative energy 
dissipation is plotted against cumulative elongation, as seen in Figure 5.11, SC-BRB-1 has 
consistently higher energy dissipation at any given cumulative deformation as expected due to 
the larger BRB core area. 
Figure 5.12, which shows the breakdown of energy dissipation between the BRB and 
SMA components, further illustrates that the majority of the energy dissipation occurs within the 
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BRB. However, the role of the SMA in dissipating energy is not negligible. For SC-BRB-1 and 
SC-BRB-2, 37.3% and 32.5%, respectively, of the total energy dissipation occurred in the SMA.  
 
Figure 5.10: Energy dissipation as a function of brace elongation 
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Figure 5.11: Cumulative energy dissipation of SC-BRB specimens as a function of cumulative brace elongation 
 
Figure 5.12: Cumulative energy dissipation of SC-BRB components as a function of cumulative brace elongation 
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Figure 5.13 shows the equivalent viscous damping ratio for each brace as a function of 
the brace elongation. The results for SC-BRB-1 are again separated into the two sections of the 
testing, showing increased damping in the early displacement cycles of SC-BRB-1-A, which is 
thought to be due to the unintended inelastic response in the brace anchorage plate in SC-BRB-1-
A and the fact that single displacement cycles were run in the early portion of SC-BRB-1-B. SC-
BRB-2 exhibited an overall lower equivalent viscous damping ratio due to the decreased energy 
dissipation capacity of the smaller core. 
 
Figure 5.13: Equivalent viscous damping ratio of SC-BRB specimens as a function of brace elongation 
5.5 TEST PHOTOGRAPHS 
The following section presents a few photographs showing key moments during the 
testing of both specimens. 
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Figure 5.14: SC-BRB test setup with lights and cameras positioned 
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Figure 5.15: Yielding of anchorage plate on SC-BRB-1 
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(a) (b) (c) 
Figure 5.16: LVDT clearance issue on SC-BRB-2 (a) prior to collision; (b) LVDT mounting rod in contact with anchorage 
plate stiffener; (c) post collision 
 
Figure 5.17: LVDT clearance repair for SC-BRB-2 
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Figure 5.18: SC-BRB-2 at maximum elongation 
5.6 POST TEST INVESTIGATION 
Following completion of the cyclic testing, both specimens were dismantled to varying 
degrees to examine the various components. 
5.6.1 SC-BRB-1 
After removing the specimen from the testing frame, the remaining tension in the SMA 
rods was released by re-installing the 32 in. x 16 in. reaction plate and using the 30-ton hydraulic 
jacks to release the nuts from the anchorage plate. Fitting the reaction plate onto the specimen 
proved quite difficult because the SMA/threaded rods were no longer straight due to the yielding 
of the anchorage plate. Once the tension was released, the SMA and threaded rods were removed 
from the specimen. Figure 5.19 shows that several of the SMA rods were bent due to the yielding 
of the anchorage plate. The threaded rods were examined closely and they showed no signs of 
damage, allowing them to be reused for SC-BRB-2. 
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Figure 5.19: SMA rods removed from SC-BRB-1 after completion of testing 
The cyclic testing of SC-BRB-1 exhibited frequent slippage of the bolted connections at 
lower loads than were expected for the connection. Figure 5.20 shows that there was significant 
marring of the painted connection surface, indicating that the slippage is likely due to the fact 
that the paint reduced the friction coefficient of the slip plane. For this reason, it was decided to 
leave the connection region unpainted for the second specimen.  
 
Figure 5.20: Damaged paint around the connections of SC-BRB-1 
Figure 5.21 shows the stiffeners added to the anchorage plate of SC-BRB-1 during the 
testing procedure. Due to the inelastic deformation in the plate, the stiffeners were cut to match 
the deformed anchorage plate and welded in place. Each stiffener was 2.5 in. x 0.75 in. and ran 
along the entire edge of the anchorage plate. Two stiffeners were welded to the bottom of the 
129 
 
plate to maintain clearance for the LVDTs spanning the length of the brace. To mitigate this 
problem in the second test, the anchorage plates for SC-BRB-2 were made two inches wider in 
both directions and employed 2.0 in. x 0.75 in. stiffeners around all four sides. 
 
Figure 5.21: Stiffeners added to anchorage plate of SC-BRB-1 
5.6.2 SC-BRB-2 
The SMA and threaded rods were removed from SC-BRB-2 in a similar fashion as with 
SC-BRB-1. Since there was no yielding of the anchorage plate on this specimen, all the bars 
remained straight. At the location where the weld connecting the middle tube to the SC-BRB 
core failed, the tension in the SMA pulled the anchorage plate over the remnants of the weld, 
leaving the anchorage plate stuck on the SC-BRB core, as seen in Figure 5.22. The plate had to 
be removed by grinding out the broken weld material. 
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Figure 5.22: Anchorage plate lodged on broken weld remnants 
After removing the anchorage plate, the outer and middle tubes were cut off to expose the 
confining tube. The confining tube was cut along the weld seam and the top half was removed, 
leaving the confining concrete intact, as seen in Figure 5.23a. The confining concrete was then 
slowly chipped away, following cracks running through the material, until the steel core was 
exposed, shown in Figure 5.23b. The core was fractured 47 in. from the end of the specimen that 
was fixed to the outer tube, in approximately the same location as the baseline BRB failed. There 
was a severe weak-axis buckle in the core at the site of the fracture, and the concrete 
confinement was gouged out where the buckled region was pulled through the concrete, as seen 
in Figure 5.24. The brace core also showed signs of strong-axis buckling similar to the baseline 
BRB. Figure 5.25 shows how the Teflon coating was torn due to abrasion between the steel core 
and the confining material at the peaks of the strong-axis buckling. 
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(a) 
 
(b) 
Figure 5.23: Post-test disassembly of SC-BRB-2 (a) removal of confining tube; (b) removal of confining material 
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Figure 5.24: Fracture of SC-BRB-2 core 
 
Figure 5.25: Damaged Teflon sheeting due to abrasion between steel core and confining material 
Once the core was initially exposed and examined, the remainder of the confining 
concrete was removed from the tube using a pneumatic chisel. With the SC-BRB core fully 
exposed, the extent of the both the strong-axis buckling and the weak-axis buckling that led to 
fracture can be fully seen as in Figure 5.26. Despite the fact that this local buckling occurred, the 
overall SC-BRB response did not indicate any significant drops in stiffness or load carrying 
capacity until the final cycles of extreme deformation. 
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(a) 
 
(b) 
Figure 5.26: Exposed SC-BRB-2 core (a) Strong-axis buckling; (b) weak-axis buckling and fracture 
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CHAPTER 6:  NUMERICAL MODELS TO PREDICT SC-BRB BEHAVIOR 
Two numerical models were created to approximate the response of the self-centering 
buckling-restrained brace (SC-BRB) and were validated based on the results of the experimental 
study. A basic backbone model was developed using properties of the individual components of 
the SC-BRB and a more detailed model was developed using the Open System for Earthquake 
Engineering Simulation (OpenSEES) software. 
6.1 BACKBONE MODEL 
A model was developed to define the backbone of the force-deformation curve of the SC-
BRB based on properties of the individual components of the SC-BRB. The model can be used 
in cases where the basic response of the braces is desired but the hysteretic behavior is not 
needed, such as in a pushover analysis or initial member strength designs. A schematic diagram 
showing key points of the backbone model is shown in Figure 6.1. 
 
Figure 6.1: Key points in the SC-BRB backbone model 
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In general, the response of the SC-BRB is calculated as follows: 
                   (Equation 6.1) 
where PBRB is the force in the BRB core, PSMA is the total force in the SMA rods and PSC-
BRB is the total force in the SC-BRB. The SC-BRB backbone model has four distinct regions 
defined by different key deformation points of the individual components. 
6.1.1 Region I: ΔSC-BRB ≤ Δysc  
In the first region of the model, both the deformation of the steel BRB core is lower than 
the yield deformation and the SMA has not yet begun the austenite to martensite transition. This 
section is generally valid whenever the deformation of the brace, ΔSC-BRB, is less than the yield 
deformation of the BRB core: 
              (Equation 6.2) 
                  (Equation 6.3) 
 
     ∑
 
  
 (Equation 6.4) 
 
   
    
  
 (Equation 6.5) 
 where Fysc is the yield strength of the steel BRB core, Asc is the area of the yielding 
region of the steel BRB core, and kBRB is the elastic stiffness of the entire BRB core, which is the 
sum of the inverse of the stiffness of each region of the BRB core, calculated as described above 
in (Equation 6.4) and (Equation 6.5). In this case, the response of the SC-BRB can be described 
using the following component responses: 
               (Equation 6.6) 
      (                   ) (Equation 6.7) 
where Fi-SMA is the initial prestress in the SMA, ASMA is the area of the SMA, kSMA is the 
initial stiffness of the SMA, and ΔBRB and ΔSMA are the deformations of the BRB core and the 
SMA, respectively, which can both be assumed to be equal to the overall brace deformation. 
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6.1.2 Region II: Δysc < ΔSC-BRB ≤ Δs
AS
 
In the second region, the steel BRB core has exceeded its yield deformation, but the SMA 
has not yet begun the austenite to martensite transition. The beginning of the transformation can 
be taken as follows: 
 
  
    
(             )    
    
 (Equation 6.8) 
where Fy-SMA is the upper plateau stress of the SMA. The component forces are then: 
                      (         ) (Equation 6.9) 
      (                   ) (Equation 6.10) 
where αBRB is a coefficient to represent the post-yield stiffness of the BRB core which has 
different values for the tension and compression segments of the SC-BRB response. 
6.1.3 Region III: Δs
AS
 < ΔSC-BRB ≤ Δf
AS
 
In the third region, the steel BRB core has exceeded its yield deformation and the SMA 
has reached the upper stress plateau, but the deformation in the SMA remains below the point at 
which the austenite to martensite transition in the SMA is completed, Δf
AS
. As seen in the cyclic 
SMA tensile testing in Chapter 2, the stiffness generally starts increasing significantly at 
deformations corresponding to approximately 5% strain. The component forces in this region 
are: 
                      (         ) (Equation 6.11) 
                         (       
  ) (Equation 6.12) 
where αSMA is a coefficient to account for the post-yield stiffness of the SMA rods. Since 
the SMA is always in tension, a single value can be used for all portions of the SC-BRB 
response. 
6.1.4 Region IV: Δf
AS
 < ΔSC-BRB 
In the fourth region, the steel BRB core has exceed its yield deformation, and the SMA 
has completed the austenite to martensite transition, leading to increased strain hardening in the 
SMA. The component forces can be calculated as follows: 
                      (         ) (Equation 6.13) 
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      (       
  )             
   (Equation 6.14) 
where α2,SMA is the ratio of the stiffness of the martensitic SMA to the stiffness of the 
austenitic SMA, and the force at which the austenite to martensite transition is complete, Pf
AS
, is 
defined as: 
   
                      (  
     
  ) (Equation 6.15) 
6.1.5 Complete Model 
Table 6.1 summarizes the parameters used to fit the backbone model with the 
experimental results for SC-BRB-2. The backbone model is shown in Figure 6.2 with the BRB 
and SMA components included to show the contributions of each segment to the overall 
response. Figure 6.3 compares the backbone model components with the experimental 
component results from SC-BRB-2. For clarity, Figure 6.4 presents the SC-BRB backbone 
model and SC-BRB-2 experimental response isolated on a single plot. 
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Table 6.1: Input parameters used for the SC-BRB backbone model 
BRB SMA 
Asc 
(in2) 
Fysc 
(ksi) 
Lsc 
(in.) 
kBRB 
(kip/in) 
α ASMA 
(in2) 
Fi-
SMA 
(ksi) 
Fy-
SMA 
(ksi) 
kSMA 
(kip/in) 
α2,SMA LSMA 
(in.) 
Δf
AS
 
(in.) Tension Compression 
0.70 42 54 350.6 0.03 0.05 2.27 29.0 44.0 241.4 0.25 42 2.10 
 
Figure 6.2: SC-BRB backbone model with component breakdown 
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Figure 6.3: SC-BRB backbone model components compared to experimental results 
 
Figure 6.4: SC-BRB backbone model compared to SC-BRB-2 experimental results 
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6.2 OPENSEES SC-BRB MODEL AND PARAMETRIC STUDY 
In addition to the SC-BRB backbone model, a second numerical model was developed 
using the Open Source Earthquake Engineering Simulation (OpenSEES) software (Mazzoni et 
al. 2009). Developed by the Pacific Earthquake Engineering Research (PEER) Center, 
OpenSEES is an open source software platform for the modeling and nonlinear analysis of 
systems, providing a range of materials and elements created by users in the development 
community. The model created in the present research was validated using the experimental 
results and then applied in a study examining modified configurations of the SC-BRB. 
6.2.1 OpenSEES model 
The OpenSEES model uses nonlinear beam-column elements for the BRB core, elastic 
truss elements for the middle and outer tubes, a single nonlinear truss element to represent the 
SMA rods, and gap elements to represent the contact between the tubes and anchorage plates. All 
material properties used in the model are based on results from tensile coupon tests. The SMA 
material used in the model was developed by Taftali (2007) and was compiled into the 
OpenSEES source code. All other materials used are included in OpenSEES 2.2.2. A schematic 
diagram of the model is shown in Figure 6.5. 
 
Figure 6.5: Schematic diagram of OpenSEES numerical model 
6.2.2 SuperelasticSMA Material Model 
The material used to model the SMA rods is SuperelasticSMA, a uniaxial material 
developed by Taftali (2007). The original source code for the material was compiled into 
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OpenSEES 2.2.2, the most recent version of OpenSEES available at the time of the present 
research. Figure 6.6 shows a comparison of the SuperelasticSMA material model with 
experimental results produced by DesRosches and Delemont (2002). This material model was 
chosen over the SMA material developed by Fugazza (2003) which is built into OpenSEES 2.0.0 
because the Taftali model better represents the post austenite to martensite transition behavior, 
and the Fugazza SMA material was removed without explanation from more recent versions of 
OpenSEES. Figure 6.7 shows the force-deformation envelope of the SuperelasticSMA material 
along with a diagram showing the sequence of a typical cyclic loading history, with the key 
points described and defined in Table 6.2 and Table 6.3.  
 
 
Figure 6.6: Experimental and simulated stress-strain response of a superelastic SMA rod (Taftali 2007) 
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(a) 
 
(b) 
Figure 6.7: SuperelasticSMA uniaxial material (a) envelope of the force-deformation response model; (b) sample 
hysteresis (Taftali 2007) 
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Table 6.2: Key points of the SuperelasticSMA force-deformation response model envelope (Taftali 2007) 
Segment Explanation Deformation (Δ) Force (F) Stiffness 
0-a 
Elastic deformation of 
austenite 
    
           
a-m 
Transformation from 
austenite to martensite 
  
       
  
 
  
     
 (    
  ) 
  
     
  
  
     
      
b-n 
Elastic deformation of 
martensite 
  
     
  
        
 (    
  )  
     
 
Table 6.3: Definitions of key SuperelasticSMA material properties (Taftali 2007) 
FsAS Force in the SMA at the beginning of the austenite to martensite transition 
ΔsAS Deformation of the SMA at the beginning of the austenite to martensite transition 
Ki Initial modulus of elasticity for the SMA 
FfAS Force in the SMA at the completion of the austenite to martensite transition 
ΔfAS Deformation at the completion of the austenite to martensite transition 
FfSA Force in the SMA at the completion of the transition of martensite back to austenite 
RS Hardening constant corresponding to the elastic stiffness of the SMA in the martensite state 
6.2.3 OpenSEES Model Validation 
The initial OpenSEES model uses component proportions and material properties 
designed to match specimen SC-BRB-2 from the experimental study. Figure 6.8 shows the force-
deformation response of the SC-BRB components overlaid with the numerical model. The model 
closely follows the experimental results with one exception: the model does not account for the 
residual deformation in the SMA. Therefore, the OpenSEES model exhibits slightly better self-
centering performance than the actual SC-BRB specimens. For clarity, Figure 6.9 shows the 
response of the full brace alone. This model will serve as the baseline comparison for all 
configurations examined in the parametric study presented in the next section. 
144 
 
 
Figure 6.8: Validation of SC-BRB OpenSEES model with experimental results 
 
Figure 6.9: SC-BRB OpenSEES model compared to SC-BRB-2 experimental response 
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-200
-150
-100
-50
0
50
100
150
200
Brace Deformation (in.)
C
o
m
p
o
n
en
t 
F
o
rc
e 
(k
ip
)
 
 
SC-BRB - exp
BRB Core - exp
SMA - exp
SC-BRB - model
BRB Core - model
SMA - model
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-200
-150
-100
-50
0
50
100
150
200
Brace Deformation (in.)
T
o
ta
l 
B
ra
ce
 F
o
rc
e 
(k
ip
)
 
 
OpenSEES Model
Experimental Results
145 
 
6.2.4 SC-BRB Parametric Study 
Using the baseline SC-BRB model presented in the previous section as a comparison, key 
SC-BRB design parameters were modified and the cyclic response was examined. The modified 
parameters were the SMA area, the BRB core area, and the level of prestress in the SMA. The 
key response features examined were the self-centering ability, maximum brace forces, and 
initial stiffness of the brace. The results of the study are summarized in the following sections. 
This study is intended to be a pilot study, with more in-depth studies being left for future work. 
As mentioned in the previous section, the OpenSEES model does not account for the 
accumulation of residual deformation in the SMA. As the residual deformation accumulates in 
the SMA rods, the total SMA tension force at the point of zero brace elongation is reduced, 
which decreases the available self-centering force in the SC-BRB. Additionally, as the BRB core 
strain hardens with additional deformation cycles, increased self-centering force is required to 
return the SC-BRB to its initial position. Since these two factors act against one another, it is 
critical to ensure that the SC-BRB has enough self-centering capacity to overcome these changes 
over time. Therefore, this parametric study will consider brace self-centering capacity as the 
margin between the minimum force in the SC-BRB as it returns from the peak elongation, 
hereafter referred to as “return force”, and zero force. Using this definition, a higher margin can 
be considered to be higher self-centering capacity and be more likely to still self-center after a 
loss of SMA tension or an increase in BRB core yield force. 
6.2.4.1 Increased SMA Area (SC-BRB-a) 
The diameter of the SMA rods is increased by 50%, from 0.85 in. to 1.275 in., thus 
increasing the total area of SMA by a factor of 2.25. All other parameters remain identical to the 
baseline model. By increasing the SMA area, the ratio of pretension force to BRB core yield 
force also increases from 2.27 to 5.10. Figure 6.10 clearly shows that SC-BRB-a has 
significantly higher self-centering capacity than the baseline model. It also reaches larger 
maximum forces and has higher stiffness due to the additional capacity of the SMA. 
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Figure 6.10: Cyclic response of SC-BRB-a compared to baseline SC-BRB model 
Figure 6.11 shows the component response of SC-BRB-a. The self-centering ability of 
the brace can be attributed to the separation between the force in the SMA rods and the force in 
the BRB core. At no point in the deformation history does the force in the SMA rods drop below 
the force in the BRB core. However, as stated earlier, this model does not capture the 
accumulation of residual deformation in the SMA rods that was observed in the experimental 
program, which results in a decrease in the pretension force in the SMA and reduces the 
separation between the two components responses. 
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Figure 6.11: Component resposne of SC-BRB-a 
6.2.4.2 Decreased BRB Core Area (SC-BRB-b) 
The BRB core yielding region area is decreased by 25%, reducing the overall area from 
0.70 in
2
 to 0.525 in
2
. All other parameters remain identical to the baseline model. Reducing the 
BRB core area reduced the core yield force and increased the pretension force to core yield force 
ratio from 2.27 to 3.02. As expected, Figure 6.12 shows improved self-centering capacity, 
though not as much as SC-BRB-a due to the fact that the pretension force to core yield force 
ratio did not change as significantly. While the self-centering ability increased, the maximum 
brace forces decreased due to the lower capacity of the BRB core. 
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Figure 6.12: Cyclic response of SC-BRB-b compared to the baseline model 
6.2.4.3 Increased BRB Core Area (SC-BRB-c) 
 The BRB core yielding region area is increased by 25%, increasing the overall area from 
0.7 in
2
 to 0.875 in
2
. All other parameters remain identical to the baseline model. Increasing the 
core area reduces the pretension force to core yield force ratio from 2.27 to 1.81, resulting in 
decreased self-centering capacity, as seen in Figure 6.13. Due to the increased core size, the 
maximum brace forces increase as expected. 
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Figure 6.13: Cyclic response of SC-BRB-c compared to the baseline model 
6.2.4.4 Reduced SMA Prestress (SC-BRB-d) 
The prestress in the SMA is reduced from 29 ksi to 15 ksi, thus reducing the initial 
pretension force from 65.8 kip to 34.1 kip. As a result, the pretension force to core yield force 
ratio decreases from 2.27 to 1.17, and the self-centering capacity is reduced as expected. Figure 
6.14 shows that in in addition to the loss of self-centering capacity, SC-BRB-d exhibits a 
softening response at lower deformation due to the decreased amount of prestress. However, 
despite these facts, the maximum forces exhibited at larger deformations are comparable to those 
of the baseline model. By examining the component response in Figure 6.15, it can be seen that 
due to the reduced pretension, the SMA rods do not reach the phase transition threshold until the 
final three cycles of the test protocol. 
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Figure 6.14: Cyclic response of SC-BRB-d compared to baseline model 
 
Figure 6.15: Component response of SC-BRB-d 
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6.2.4.5 Increased SMA Prestress (SC-BRB-e) 
The prestress in the SMA is increased from 29 ksi to 40 ksi, thus increasing the 
pretension force from 65.8 kip to 90.8 kip. As a result, the ratio of pretension force to core yield 
force increases from 2.27 to 3.13, and the self-centering capacity increases, but not significantly. 
Figure 6.16 shows that increasing the amount of prestress does cause the SC brace to soften later 
than the baseline model at low deformation cycles, yet similar to SC-BRB-d, the maximum 
forces at larger deformations are comparable to the baseline model. Figure 6.17 shows that due 
to the high prestress level, the SMA rods do not reach the full unloading plateau until larger 
deformation cycles. 
 
Figure 6.16: Cyclic response of SC-BRB-e compared to baseline model 
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Figure 6.17: Component response of SC-BRB-e 
6.2.4.6 Decreased SMA Area (SC-BRB-f) 
The diameter of the SMA rods is reduced by 25%, from 0.85 in. to 0.6375 in., thus 
reducing the total area of the SMA to 1.28 in
2
. By decreasing the SMA area, the ratio of 
pretension force to BRB core yield forces decreases from 2.27 to 1.27. Figure 6.18 shows that in 
this configuration, the brace no longer reaches full self-centering. Due to the reduced SMA area, 
this iteration also has lower maximum forces than the baseline SC-BRB. 
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Figure 6.18: Cyclic response of SC-BRB-f compared to baseline model 
6.2.5 Parametric Study Conclusions 
From this brief study, the following conclusions can be made: 
 The properties of the individual SC-BRB components can be easily varied to 
customize the global response of the brace. 
 Increasing the initial SMA pretension to BRB core yield force will improve the 
overall self-centering ability of the SC-BRB. 
 While adjusting the initial SMA prestress does have an effect on the self-centering 
ability of the SC-BRB, it appears to have a more significant effect on the point at 
which the brace initially softens at low deformation cycles. 
 Adjusting the SMA and BRB core areas affect the maximum force capacity of the 
brace, whereas modifying the initial SMA prestress does not. 
 Further study and improvement of the SMA material model is needed to account 
for the residual strain exhibited in the tensile testing study. 
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CHAPTER 7:  SUMMARY AND CONCLUSIONS 
7.1 RESEARCH SUMMARY 
Prior research has shown that while conventional earthquake-resisting structural systems, 
such as concentrically-braced frames and moment resisting frames, can prevent collapse and 
provide life safety, they often sustain significant structural damage that may translate into 
economic loss. A movement toward performance-based design has focused on methods to limit 
this structural damage and minimize the economic losses for the stakeholders. Investigations of 
systems employing buckling-restrained braces (BRBs) have shown although they provide 
excellent energy dissipation and ductility and focus the inelastic response in robust components 
that can withstand multiple large earthquakes, these systems are still susceptible to significant 
residual drift, that may require expensive repair(Ariyaratana and Fahnestock 2011; Fahnestock et 
al. 2007; Kiggins and Uang 2006; e.g., Sabelli et al. 2003). In attempts to mitigate the problem of 
residual drift, numerous studied have been conducted to develop and characterize self-centering 
structural systems which dissipate energy and return to their original position after an 
earthquake. While this is a promising new area of research, many of the systems require unique 
detailing to relative motion between the lateral-load-resisting system and the remainder of the 
building (e.g., Garlock and Li 2008; Hajjar et al. 2008). Other systems utilize frames with self-
centering braces which rely on post-tensioned tendons to overcome inelastic deformations 
accumulated in energy dissipating devices (e.g., Christopoulos et al. 2008; Dolce and Cardone 
2006; Zhu and Zhang 2008). However, the self-centering braces developed to date have limited 
deformation capacity due to the elastic deformation limits of the post-tensioned tendons, or 
limited energy dissipation capacity. Development of a self-centering brace with high strain and 
energy dissipation capacities is of significant value. 
The self-centering buckling-restrained brace combines the high energy dissipation 
capacity of buckling-restrained braces with the large deformation capacity and self-centering 
ability of shape memory alloys (SMA) to produce a novel self-centering brace which can be 
easily integrated into existing structural systems. The objective of the research presented in this 
thesis was to design, fabricate, and test a self-centering buckling-restrained brace employing 
shape memory alloy rods to provide the self-centering force. A material study was conducted to 
characterize the mechanical properties of the SMA. A baseline BRB was designed and tested to 
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validate key aspects of design and fabrication. Two half-scale self-centering buckling-restrained 
braces were fabricated and tested to evaluate their response to cyclic loading. The results of the 
experimental study were used to validate two numerical models which can be implemented for 
further parametric studies. 
7.2 CONCLUSIONS 
Conclusions are presented below and divided into the four main topics covered in this 
research. 
7.2.1 Shape Memory Alloys Material Characterizations 
 Five large-diameter SMA bars were tested to determine the effects of machining 
and heat treatment on the mechanical properties of the material, with particular 
focus given to self-centering ability. 
 Annealing at 375 °C for 60 minutes after machining was determined to be the 
optimal process for achieving the desired superelastic response. 
 Machining the bars prior to heat treatment reduced the residual deformation 
exhibited during cyclic testing. Furthermore, the machining process is easier prior 
to heat treatment because the annealing process hardens the SMA. 
 In all specimens, residual deformation increased significantly between the 5% and 
6% strain cycles. Therefore, when designing a SC-BRB, the length of the SMA 
rods should be specified such that the strain demand does not exceed 5%.  
7.2.2 Baseline Buckling-Restrained Brace 
 A baseline buckling-restrained brace was fabricated and tested to verify the 
design prior to incorporating the component into the full SC-BRB. 
 A test protocol similar to the protocol for the SC-BRB was used, and the baseline 
brace exhibited stable behavior with good ductility and energy dissipation 
capacity. However, the brace exhibited unexpectedly large strength levels and 
post-yield stiffening that were found to be caused by incomplete bond break 
between the steel BRB core and the surrounding grout. 
156 
 
 The Teflon wrap performed generally well as a bond breaker between the steel 
BRB core and the grout. However, some bonding did still occur due to migration 
of the grout through the seams in the core wrap. For subsequent braces, this 
occurrence was mitigated by carefully wrapping and sealing the core in addition 
to applying a mold release agent directly to the steel. 
 The cumulative ductility demand on the BRB core was 793 Δy and the maximum 
ductility demand on the BRB core was 29.8 Δy in tension and 30.0 Δy in 
compression. 
7.2.3 Self-Centering Buckling-Restrained Braces 
 Two half-scale SC-BRB specimens were fabricated and subjected to quasistatic 
cyclic loading. The specimens both exhibited a stable, flag-shaped hysteretic 
response, and component force measurements validated the internal force 
distribution through the BRB core and the SMA rods. 
 Specimen SC-BRB-1 exhibited flag-shaped hysteretic behavior, but did not 
achieve full self-centering, largely due to overstrength in the BRB core. 
 Specimen SC-BRB-2 was designed with a weaker BRB core than SC-BRB-1 and 
exhibited flag-shaped hysteretic behavior that was much closer to full self-
centering. Proper proportioning of the SMA pretension force and the BRB core 
yield force, including hardening effects, is imperative to achieve full self-
centering. 
 The cumulative plastic deformation demand on the BRB core of SC-BRB-1 was 
306 Δy, and the maximum ductility demand was 15.9 Δy and the brace did not 
exhibit strength or stiffness degradation during the full loading protocol..
 
SC-
BRB-2 was subjected to a more demanding loading protocol that led to fracture of 
the BRB core, and the cumulative plastic deformation demand on the BRB core 
was 575 Δy, and the maximum ductility demand was 24.0 Δy. 
 The cumulative SMA strain demand was 36.6% for SC-BRB-1 and 70.4% for SC-
BRB-2. The maximum strain demand on the SMA was 3.7 % for SC-BRB-1 and 
5.0% for SC-BRB-2. 
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 As residual deformation accumulates in the SMA rods, the pretension force in the 
SMA degrades, reducing the self-centering ability of the SC-BRB. 
 The maximum equivalent viscous damping ratios for SC-BRB-1 and SC-BRB-2 
were 24.7%, and 21.7 %, respectively. These equivalent viscous damping ratios 
occurred at elongations of 1.46% for SC-BRB-1 and 1.69% for SC-BRB-2. 
7.2.4 SC-BRB Design Procedure and Analytical Models 
 A basic procedure for proportioning SC-BRBs was developed. The brace design 
force is the sum of the BRB core yield force and the total SMA pretension force. 
The SMA pretension force is not less than the strain hardened force in the BRB 
core. 
 A backbone model which predicts the force-deformation response of the SC-BRB 
based on the mechanical properties of the BRB core and SMA rods was created 
and illustrated using results from the experimental study presented in this thesis. 
 The backbone model provides a prediction of the response of the SC-BRB that 
can be used for pushover analyses or strength design where the full hysteretic 
behavior is not required. 
 An OpenSEES model of the SC-BRB was created and illustrated using results 
from the experimental study presented in this thesis. 
 While the OpenSEES model captures most of the key aspects of the SC-BRB 
response, it does not include the effects of the residual deformation in the SMA 
rods, thus overestimating the self-centering capacity of the brace. 
7.3 FUTURE WORK 
Due to time and budget constraints, several issues that deserve further investigation were 
not covered in the scope of this research. The following items should be addressed as the 
development of self-centering buckling-restrained braces continues:  
 Considering the limited amount of data available regarding the mechanical 
properties of large diameter SMA bars, combined with the critical role of the 
SMA in the self-centering mechanism of the SC-BRB, further research into the 
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effects of heat treatment, machining, and cyclic loading on the response of shape 
memory alloys is recommended. 
 Additional large-scale tests should be conducted to investigate the performance of 
SC-BRBs with varied SMA pretension force to core yield force ratios. 
 Further development of the OpenSEES model is required to include the effects of 
the residual deformation in the SMA and its impact on the self-centering ability of 
the SC-BRB. 
 An analytical study investigating the response of full structures with self-
centering buckling-restrained braced frames is necessary to evaluate system 
behavior and performance, to develop and validate design procedures, and to 
provide a more in-depth comparison to other self-centering systems. 
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